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ABSTRACT 
 Mental models for scientific learning are often defined as, “cognitive tools 
situated between experiments and theories” (Duschl & Grandy, 2012). In learning, these 
cognitive tools are used to not only take in new information, but to help problem solve in 
new contexts. Nancy Nersessian (2008) describes a mental model as being “[loosely] 
characterized as a representation of a system with interactive parts with representations of 
those interactions. Models can be qualitative, quantitative, and/or simulative (mental, 
physical, computational)” (p. 63). If conceptual parts used by the students in science 
education are inaccurate, then the resulting model will not be useful. Students in college 
general chemistry courses are presented with multiple abstract topics and often struggle 
to fit these parts into complete models. This is especially true for topics that are founded 
on quantum concepts, such as atomic structure and molecular bonding taught in college 
general chemistry. 	  
 The objectives of this study were focused on how students use visual tools 
introduced during instruction to reason with atomic and molecular structure, what 
misconceptions may be associated with these visual tools, and how visual modeling skills 
	  	   vi 
may be taught to support students’ use of visual tools for reasoning. The research 
questions for this study follow from Gilbert’s (2008) theory that experts use multiple 
representations when reasoning and modeling a system, and Kozma and Russell’s (2005) 
theory of representational competence levels. 	  
 This study finds that as students developed greater command of their 
understanding of abstract quantum concepts, they spontaneously provided additional 
representations to describe their more sophisticated models of atomic and molecular 
structure during interviews. This suggests that when visual modeling with multiple 
representations is taught, along with the limitations of the representations, it can assist 
students in the development of models for reasoning about abstract topics such as atomic 
and molecular structure. There is further gain if students’ difficulties with these 
representations are targeted through the use additional instruction such as a workbook 
that requires the students to exercise their visual modeling skills.	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CHAPTER ONE: INTRODUCTION 
 Science experts use representations to understand and reason about physical 
phenomena through a process called “modeling” (Duschl & Grandy, 2012; Nersessian, 
1999).  In chemistry, many of these phenomena are abstract and difficult to 
conceptualize, requiring the use of these depictions.  This is particularly important for the 
quantum concepts of atomic and molecular structure (Harrison & Treagust, 1996).  While 
expert chemists fluently interpret representations for what they embody, novices have 
been shown to struggle to understand these representations (Harrison & Treagust, 1996).   
 The misinterpretation of scientific representations by students has been shown to 
result in misconceptions and difficulty in future learning (Smith, diSessa, & Roschelle, 
1994; Posner, Strike, Hewson, & Gertzog, 1982).  Some studies have approached this 
problem through the presentation of simplified expert representations as visual tools for 
teaching students about atomic and molecular structure (Budde, Niedderer, Scott & 
Leach, 2002a; 2002b; Harrison & Treagust, 1996; Trindade & Fiolhais, 2003; Wang & 
Barrow, 2013).  However, unless students are taught how to use these representations 
effectively, common misconceptions are retained (Harrison & Treagust, 1996; Wang & 
Barrow, 2013).  As novices, students do not know how to effectively use scientific 
representations and therefore must be taught more robust modeling skills (Gilbert, 2005; 
Gilbert, Boulter, & Rutherford, 1998).  Based on the difficulties students have in using 
representations for modeling abstract concepts, this study presents a supplemental 
workbook intervention for teaching the effective use of existing visual tools in general 
chemistry to support learning. 
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1.1 Background 
 When addressing the quantum concepts of atomic and molecular structure, 
experts fluently transition between different representations to “enhance investigation, 
understanding, and communication” (Harrison & Treagust, 2000, p. 1012; Gilbert, 2006).  
In chemistry, this is especially important because of the need for “complex interactions 
between visualization, spatial reasoning, and external representations of scientific 
information” to describe these abstract concepts (Stieff, Bateman, & Uttal, 2005, p. 105).  
However, this has proven difficult for students because many of the approaches used by 
experts differ greatly from those novices are capable of understanding (Nersessian, 1999; 
Gilbert, 2008).  The first of these differences are that students have limited background 
knowledge of quantum mechanical phenomena, resulting in student reliance on concrete 
experiences to understand abstract concepts (Bao & Redish, 2001; diSessa, 1988; 
Campbell, Stanley, & Gage, 1963; McDermott & Somers, 1991; Nakhleh, 1992; Styer, 
1996).  The second difference is that students have been shown to interpret 
representations literally without understanding inherent limitations (Harrison & Treagust, 
1996).  Finally, the third difference is that students have been shown to rely on single 
representations to understand a given concept despite the multi-faceted nature of abstract 
phenomena (Gilbert, 2008).   
 Part of the difficulty students face in general chemistry is due to the more general 
challenges of learning.  Learning has been described as the creation and development of 
complex information systems that are organized and connected to support reasoning and 
decision-making (Johnson-Laird, 1983).  These systems, called “mental models”, are 
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defined as “a structural analog of a real world or imaginary situation, event or process 
that the mind constructs in reasoning… it embodies a representation of the spatial and 
temporal relations among and the causal structures connecting the events and entities 
depicted and whatever other information that is relevant to the problem-solving task” 
(Nersessian, 1999, p. 11).  As such, the process of “modeling” can be defined as a 
“cognitive tool”, and includes using representations to support learning (Duschl & 
Grandy, 2012).    
 Modeling is a skill that is developed in conjunction with topic-specific content 
(Nersessian, 1999).  To teach atomic and molecular structure, expert representations must 
be introduced during instruction in such a way that students learn how to use them for 
appropriate scientific modeling.  When students do not know how to use representations 
in the same way as experts, they have been shown to develop misconceptions about 
atomic and molecular structure (Harrison & Treagust, 1996).  Therefore, to support 
student learning, multi-faceted use of visual representations must be taught (Gilbert, 
2005; Harrison & Treagust, 1996).   
 Common misconceptions about atomic and molecular structure have been shown 
to come from the misinterpretation or the misuse of visual representations. In some cases, 
students have been shown to interpret visual tools as literal representations of the 
physical and spatial structure of atoms and molecules (Hurwitz, Abegg & Garik, 1999; 
Wang & Barrow, 2013; Harrison & Treagust, 1996; Rebello & Zollman, 1999; Fischler 
& Lichtfeldt, 1992; Trindade & Fiolhais, 2003).  In addition, the dependence on classical 
ideas has been shown to lead students to incorrectly interpret these visual representations 
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(Fischler, 1999; Budde et al., 2002a; 2002b; Trindade & Fiolhais, 2003; Nakhleh, 1992; 
Gillespie, Spencer, & Moog, 1996; Styer, 1996; Singh, Belloni, & Christian, 2006; Bao 
& Redish, 2001).  The misunderstanding of visual representations has been shown to 
create student reliance on taught rules over conceptual reasoning about atomic (Vokos, 
Shaffer, Ambrose, & McDermott, 2000) and molecular structure (Nakhleh, 1992; Wang 
& Barrow, 2013). 
 
1.2 Problem Statement 
 Despite the best intentions of expert chemistry professors, students’ 
misconceptions are common and robust. The retention of misconceptions about atomic 
and molecular structure suggests that learning scientific modeling is difficult for students. 
The result of these difficulties is the hindrance of future learning (Posner, et al. 1992).   
Therefore, it is not enough to present students with visual tools during instruction; they 
must be taught how to effectively use them through the development of modeling skills.  
 
1.3 Purpose 
 The purpose of this study was to determine a way to teach students how to 
effectively use existing visual tools for modeling atomic and molecular structure.  This 
was done through the creation of an intervention workbook.  The objectives of this study 
were to: 
	  	  
5 
1) Investigate how undergraduate general chemistry students spontaneously use 
visual representations (without prompting) for modeling atomic and molecular 
structure; 
2) Design and present an intervention in the form of a workbook for utilizing 
representations that specifically address student misconceptions; and  
3) Investigate the use and effectiveness of the designed intervention workbook.   
 
1.4 Context 
 This study focused on students in a particular general chemistry course taught at a 
large research university in the northeast.  The course taught general chemistry from the 
perspective of quantum concepts and incorporated many visual representations.  
Professors of this course found that students retained misconceptions despite their best 
intentions of teaching atomic and molecular structure using visual representations.  This 
study investigated the association between misconceptions and use of visual 
representations and how to improve upon these misconceptions in three distinct phases 
(Figure 1.1).  In phase one, pre- and post-instructional student interviews were conducted 
a fall semester of the college general chemistry course to study student use of visual 
representations when describing and explaining atomic and molecular structure.  In phase 
two, the results of this data were used to develop an intervention workbook designed to  
target student misconceptions and support the appropriate modeling through the use of 
the visual representations taught during instruction.  Finally, in phase three, the impact of 
the designed intervention workbook on student learning during a summer term of the  
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Figure 1.1: Research Design Structure 
same college general chemistry course was evaluated.  The data collected in this study 
was for the purpose of investigating student misconceptions and for the development of 
the intervention workbook.  It was not the intention of this study to compare those 
students from phase one of this study to those who participated in phase three.  
 
1.5 Research Questions 
 The first research question draws from pre- and post-instruction data collected 
during phase one.  This data was meant to investigate students’ conceptual change and 
the retention of misconceptions through the use of visual representations.  By identifying 
these aspects of student learning, this data was used as the foundation for the 
development of the intervention workbook.  
 
1) How do students in college general chemistry courses use visual representations for 
modeling atomic and molecular structure? 
	  
	   Phase 1: Fall Semester –  No Intervention 
Phase 3: Summer Term – 
Implementation of Intervention 
Workbook 
Phase 2: Intervention 
Workbook Creation 
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a. What visual representations do students use (without prompting) to describe 
and explain atomic and molecular structure during pre- and post-instructional 
interviews?   
b. Are the post-instruction visual representations students use derived from those 
taught during instruction? 
c. As identified in the interviews, what associations can be inferred between 
student misconceptions and the use of visual representations? 
 
 The results of the first research question were used to design the intervention 
workbook in phase two as a means of supporting instruction by focusing on modeling 
skills of how to appropriately use taught visual representations.   The second research 
question draws on pre- and post-instruction data collected in phase three, during which 
the intervention workbook was implemented.  This data was collected to evaluate the 
effectiveness of the intervention workbook and gain further insight into student 
difficulties in learning atomic and molecular structure. 
 
2) What is the effect of the intervention workbook on students’ use (without prompting) 
of visual representations to address previously identified misconceptions about 
atomic and molecular structure?  
a. Is there a correlation between the level of completion of the intervention and 
the performance on a concept survey designed to elicit student 
misconceptions? 
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b. What visual representations do students use to describe and explain atomic 
and molecular structure during pre- and post-intervention interviews?   
c. Are the post-instruction visual representations the students use derived from 
those addressed in the intervention workbook? 
d. As identified in the interviews, what associations can be inferred between 
student misconceptions and the use of visual representations influenced by the 
intervention workbook? 
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CHAPTER TWO: LITERATURE REVIEW 
 The following literature review is separated into three sections that discuss 
student difficulty in learning atomic and molecular structure and modeling through the 
use of visual representations in general chemistry.  The first section outlines the 
theoretical foundations of this study and the differences between expert and novice 
modeling as it relates to learning difficulties.  Based on these theories, the second section 
identifies common misconceptions about atomic and molecular structure from the 
research literature.  In this section, misconceptions from the research literature about 
atomic structure are summarized into four categories: (1) Atoms and classical systems; 
(2) Electrons as particles and waves; (3) Quantum definitions of “probability” and 
“uncertainty”; and (4) Electron “shells” and “clouds”.  Molecular structure 
misconceptions are summarized into three categories: (1) Bonding and classical systems; 
(2) Bonding electron behavior; and (3) Factors of molecular shape.  The third section of 
this chapter outlines common visual tools used to teach atomic and molecular structure in 
chemistry, defines the necessary skills students should learn to develop modeling skills, 
and the use of computer simulations for developing these skills. 
 
2.1 Learning Theory 
2.1.1 Theoretical Foundation 
 The theoretical framework of this study is based on constructivist epistemology 
and organization of knowledge.  Constructivist theory makes the assumption that learning 
is created using prior knowledge (Bransford, Brown & Cocking, 2000). This perspective 
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on learning accepts the acquisition of new information through means of formal 
education as well as intuitive interpretation of physical observations and experiences 
(Duit & Treagust, 1998).  The process of learning is defined as the organization of 
concepts into complex cognitive systems known as mental models (Johnson-Laird, 1983; 
Duschl & Grandy, 2012).  The key role of mental model development is the use of 
knowledge for problem solving, reasoning, and communication, including the use of 
visual and analogical representations (Duschl & Grandy, 2012). As a summary of these 
cognitive processes, Nersessian (1999) defines mental models as “structural [analogues] 
of a real world or imaginary situation, event or process that the mind constructs in 
reasoning [that] embodies a representation of the spatial and temporal relations among 
and the causal structures connecting the events and entities depicted and whatever other 
information that is relevant to the problem-solving task” (p. 11).   With respect to science 
education, these learning philosophies give insight into the difficulties of learning and 
means of testing conceptual change.  As learners are exposed to new experiences, they 
develop ways of using structures to make sense of information or to identify needed 
cognitive changes.  The way knowledge is organized in mental models is the basis for a 
learner’s cognitive reasoning and the support for future learning.   
 The construction of new knowledge within mental models has been described in 
two distinct processes known as assimilation and accommodation.  Assimilation is 
defined as the use of existing information to make sense of new phenomena, and is 
described as a weak restructuring of prior knowledge (Posner, et al., 1982; Mayer, 2002).  
Accommodation, on the other hand, is defined as a more radical change.  When prior 
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knowledge is insufficient for making sense of new information, these concepts are 
reorganized or replaced through accommodation (Posner, et al., 1982; Mayer, 2002).   
 In general chemistry courses, students are presented with abstract concepts for the 
first time (Harrison & Treagust, 1996).  Without a foundational understanding of 
quantum concepts such as atomic and molecular structure, students are unable to 
comprehend this new information because the underlying phenomena behave differently 
than those experienced in everyday life (Bao & Redish, 2001; diSessa, 1988; Campbell, 
Stanley & Gage, 1963; McDermott & Somers, 1991; Nakhlem, 1992; Styer, 1996).  The 
inability of students to connect the new knowledge results in difficulties for future 
learning (Chi & Slotta, 1993; Posner, et al. 1982).  Students are therefore more likely to 
doubt and reject seemingly strange experimental results before questioning their own 
understanding of the world (Posner, et al., 1982).  As a result, students often retain 
misconceptions about atomic and molecular structure.  
 
2.1.2 Expert Modeling  
 Experts are defined as those scientists at the top of their field with the, “capacity 
to think critically about material above and beyond what has been presented” (Rapp, 
2005). Cognitively, expert modeling allows for “enhance[d] investigation, understanding 
and communication” about complex topics (Harrision & Treagust, 2000, p. 1012) and the 
reflection on prior knowledge for the evaluation of new information, ideas, observations 
and theories (diSessa, 2002).  Because of the complex combination of macroscopic, 
microscopic, sub-microscopic and symbolic systems in the field of chemistry, expert 
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chemists think about quantum mechanical phenomena through the use of mathematical 
theory and simplified representations (Dori & Hameiri, 1998; Harrison & Treagust, 1996; 
Kozma & Russell, 2005).   
 When discussing results or making predictions about physical phenomena, expert 
chemists spontaneously provide visual representations.  These include two-dimensional 
drawings, graphs, diagrams, three-dimensional objects, symbolic representations, 
computer simulations and computer animations (Clement, 1990; Gilbert, 2008; Harrison 
& Treagust, 2000; Justi & Gilbert, 2000; Kozma, Chin, Russell, & Marx, 2000).  With 
respect to problem solving, experts rely on the constraints of the situation to determine 
the potential application of different models (Larkin, 1983).  As such, they recognize that 
no single model is “right, only contextually appropriate” (Kalkanis, Hadzidaki, & 
Stavrou, 2003, p. 258).   To approach any physical phenomenon therefore requires the 
fluent transition between different representations and the creation of specific rules for 
their use (Gilbert, 2006; Stieff, Bateman, & Uttal, 2005).  Particularly with the use of 
visual tools, experts understand that these representations are metaphors for physical 
phenomena, and not the depiction of superficial surface features, is crucial (Gilbert, 
2008).  
 
2.1.3 Novice Modeling 
 Many of the approaches used by experts differ greatly from those used by novices 
when thinking about scientific concepts (Gilbert, 2008). Especially for those students 
learning introductory chemistry, understanding quantum mechanical phenomena is 
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difficult because they behave unlike everyday life experiences (Bao & Redish, 2001).  
Without a foundational understanding of quantum concepts, such as atomic and 
molecular structure, students struggle to comprehend the underlying causes of these 
events (diSessa, 1988; Campbell, Stanley, & Gage, 1963; Nakhlem, 1992).  In chemistry, 
these limitations have been shown to make unexpected experimental results unintelligible 
to students, hindering future learning (McDermott & Somers, 1991; Posner et al., 1982).  
Unlike expert chemists, the limited background knowledge of novices makes them unable 
to create their own models when presented with unexpected observations (McDermott & 
Somers, 1991). 
 Novices lack the background knowledge and experience necessary for advanced 
modeling (Styer, 1996).  As emphasized by Nersessian (1999), “the nature and richness 
of [representations] one can construct and one’s ability to reason develops as one learns 
domain specific content and techniques” (p. 12). Chemistry educators incorporate 
versions of simplified expert visual tools help student modeling (Harrison & Treagust, 
1996).  However, learning difficulties have been documented in the research literature 
(Gilbert, Boulter, & Rutherford, 1998). Unlike experts, students as novices do not have 
developed visual and spatial abilities, preventing them from being able to, “generate 
interpretations, make translations, and mental manipulate [visual] representations” (Wu, 
Krajcik, & Soloway, 2001, p. 824).  Students have also been reported to rely on few 
representations when reasoning and problem solving without recognition of important 
limitations (Brown & Clement, 1992).  Experts understand that visual representations 
used to describe abstract concepts are “not the depiction of reality”, but students have 
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been shown to interpret these tools literally (Harrison & Treagust, 1996, p. 515).  The 
resulting misuse of these representations has been seen to prevent accepting new 
information and relying on inaccurate prior knowledge (Posner, et al., 1982). 
 
2.2 Student Misconceptions in Chemistry 
2.2.1 Causes of Misconceptions in Chemistry 
 Despite the best intentions of educators to support learning through the use of 
models, students retain misconceptions about atomic and molecular structure.  When 
modeling skills are limited, students not only struggle to understand new information, but 
incorrect knowledge is reinforced (Smith, diSessa, & Roschelle, 1994; Fletcher & 
Johnston, 1999; Scott, 1992; Posner et al., 1982).  Misinterpretation of scientific 
representations by students has been shown to result in robust misconceptions and 
difficulty with future learning (Smith, et al., 1994; Posner et al., 1982).  The research 
literature suggests that many of these misconceptions are caused by the dependence on 
classical ideas (Fischler & Lichtfeldt, 1992; Harrison & Treagust, 1996; Hurwitz, Abegg 
& Garik, 1999; Kalkanis, Hadzidaki, & Stavrou, 2003; Posner et al., 1982).  When 
misconceptions about atomic structure are retained, molecular structure becomes 
unintelligible on a quantum level (Nakhleh, 1992).  
 
2.2.2 Common Misconceptions about Atomic Structure 
 Because of limited modeling skills and learning difficulties, chemistry students as 
novices have been shown to hold onto classical ideas when reasoning about abstract 
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concepts (Harrison & Treagust, 1996).  The result of this dependence is the retention of 
robust and commonly held misconceptions about atomic and molecular structure (Posner, 
et al. 1982).  Listed below is a summary of common misconceptions of general chemistry 
students about atomic structure from the research literature.  
 Atoms and classical systems.  Many studies have shown the abundance of 
misconceptions students have about atomic structure and their reliance on classic 
physical concepts.  With respect to atomic structure, the presence of electrons around the 
nucleus has been explained by students through descriptions of gravitational or 
centripetal force (Fischler, 1999; Budde et al., 2002a; 2002b; Trindade & Fiolhais, 2003).  
Quantized energy values as represented in energy diagrams have been described by 
students in several studies as the location at which electrons are held from the nucleus 
(Fischler, 1999; Rebello and Zollman 1999; Wang & Barrow, 2013).  These 
misconceptions have been shown to be connected to the incorrect assumption that the 
parts of an atom act like planets in the solar system, where electrons circle around the 
nucleus in set paths (Bao & Redish, 2001; Budde et al., 2002a; 2002b; Fischler, 1999; 
Gillespie, Spencer & Moog, 1996; Nicoll & Francisco, 2001; Styer, 1996; Singh, Belloni, 
& Christian, 2006; Trindade & Fiolhais, 2003).  Students who were introduced to the 
concept of electron spin have also been shown to rely on classical concepts.  In a study by 
Gillespie, Spencer, and Moog (1996), students attributed intrinsic properties of electrons 
as physical movements, where “spin” meant physical rotation.  
 Electrons as particles and waves.  The particle and wave behaviors of electrons 
have been shown as a source of misconceptions among chemistry students.  In one study, 
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Fischler and Lichtfeldt (1992) found that students who were presented with electron 
diffraction experimental results were unable to understand how something could have 
both wave and particle like properties.  Instead, students incorrectly reasoned that 
electrons could switch between acting as one or the other.  Studies by Olsen (2002), and 
Rebello and Zollman (1999) also showed students struggling with this concept and 
described electrons as moving along wave-like trajectories.  Similarly, Vokos, Shaffer, 
Ambrose, and McDermott (2000) found that despite being taught about de Broglie 
wavelengths, a concept thought to be a cognitive bridge between particle and wave 
behavior, students were still unable to accept the idea of duality and continued to view 
electrons as classical particles or classical waves.   
 Quantum definitions of “probability” and “uncertainty”.  The interpretation of 
common language in a classical setting is often much different than when used to 
describe quantum concepts.  As a result, students have been shown to confuse definitions 
of terms used in both classical and quantum contexts (Harrison & Treagust, 1996; 
Nakhleh, 1992; Styer, 1996; Taber, 2002a).  Several studies report students describing the 
meaning of the term “probability” by stating that the position of an electron could be 
guessed based on statistical probabilities and previous observations (Bao & Redish, 2001; 
Budde et al., 2002a; 2002b; Singh, Belloni & Christina, 2006; Styer, 1996; Taber, 
2002a).  Similarly, studies have reported students thinking of quantum “uncertainty” as 
the inability to measure the exact position of an electron along a trajectory of motion 
inside the atom (Budde et al., 2002a; 2002b; Johnston, Crawford & Fletcher, 1998; 
Müller & Wiesner, 2002).   
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 Electron “shells” and “clouds”.  Several studies reported students interpreting 
the term “electron shell” literally by describing atoms as having hard outer casings on 
which particle-like electrons move (Trindade & Fiolhais, 2003; Harrison & Treagust, 
1996; Taber, 2002a).  Similarly, studies reported that instead of thinking of electrons as a 
distribution of energy in an atom, students interpreted the term “electron cloud” to mean 
an area around a nucleus in which electrons were embedded (Trindade & Fiolhais, 2003; 
Harrison & Treagust, 1996).   
 
2.2.3 Common Misconceptions about Molecular Structure 
 To understand bonding and molecular shape, students must be able to reason with 
accurate concepts of atomic structure (Harrison & Treagust, 1996).  Despite being aware 
that atoms bond into molecules, when students retain the misconception that atoms 
behave like classical systems, the underlying phenomena of molecular structure can seem 
unintelligible (Posner et al., 1982).   The result of this dilemma has been shown to create 
several misconceptions about molecular structure (Birk & Kurtz, 1999; Harrison & 
Treagust, 1996; Nakhleh, 1992; Nicoll & Francisco, 2001; Robinson, 1998; Taber, 
2002a).  Described below is a summary of common misconceptions of general chemistry 
students about molecular structure.  
 Bonding and classical systems.  In a study conducted by Nakhleh (1992), students 
who thought about atoms as classical objects where shown to think of bonding as 
physical adhesion.  This limited view of bonding lead students to confuse intermolecular 
forces with covalent bonding, and phase changes with chemical reactions.  In some cases, 
	  	  
18 
students were unable to interpret symbolic equations as representative of chemical 
reactions, because the idea of creating and breaking bonds based on energy was not 
understood. 
 Bonding electron pairs.  When electrons are seen as classical particles that have 
negative charge, the idea of atoms coming together to bond has been shown to confuse 
students (Taber, 2002b).  Several studies have shown that students have addressed this 
confusion by referring to an unknown force that make electrons pair, holding two atoms 
together (Robinson, 1998; Nicoll & Francisco, 2001; Taber, 2002b).  Bonding electrons 
were then described as either restricted to the area between the atoms (Taber, 2002b), or 
stay paired together as they move around each atom (Nicoll & Francisco, 2001).  Nicoll 
and Francisco (2001) found that some students used a similar explanation when 
describing double bonds, with the exception that four electrons were paired between 
atoms instead of two, creating a stronger bond. 
 Determining factors of molecular shape.  Without foundational information about 
electron behavior, students have been shown to rely on memorized rules to describe 
molecular structure. Studies conducted by Taber (2002b), and Robinson (1998) showed 
students reasoning that the octet rule was the cause of bonding, stating that atoms had a 
need to fill their outer shell of electrons. Nakhleh (1992) showed that students’ inability 
to describe bonding appropriately created difficulties in reasoning about additional 
concepts such as molecular geometry or chemical reactions. Because of these 
deficiencies, Nakhleh (1992) found that students relied on learned rules of counting non-
bonding electron pairs to determine the shapes of molecules.  In addition, students have 
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been shown to describe molecular geometry as a result of molecular polarity, instead of 
the other way around (Peterson & Treagust, 1989; Birk & Kurtz, 1999). 
 
2.3 Visual Teaching Tools in Chemistry 
2.3.1 Supporting Student Learning with Visual Tools 
 To support students as novices learn about atomic and molecular structure, 
educators bring some of the techniques of expert chemists into the classroom (Gilbert, 
2005; Harrison & Treagust, 1996).  Visual representations, such as pictures, photographs, 
diagrams, graphs, data, and computer simulations of unperceivable phenomena have been 
shown to aid in making these abstract concepts plausible to students (Gilbert, 2008; 
Hutchinson, 2000; Kozma & Russell, 2005).  According to Stieff, Bateman and Uttal 
(2005), the use of simplified representations is especially important because of the 
“complex interactions between visualizations, spatial reasoning, and external 
representations of scientific information” (p. 105).  In chemistry, Harrison and Treagust 
(1996), emphasize this point stating that, “atomic theory depends more than any other 
topic in chemistry on a variety of models to explain particulate behavior” (p. 514).  
 Just as understanding student preconceptions is necessary for achieving 
conceptual change, knowing a student’s cognitive level of visual capabilities is an 
important factor for teaching with visual tools (Gilbert, 2005).  Teaching atomic and 
molecular structure should introduce visual representation gradually with a focus on how 
to use them appropriately for scientific modeling (Gilbert, 2006).  Some of the most 
successful accounts of teaching with visual representations have emphasized the need to 
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“reduce unnecessary details, rather than be as realistic as possible, in order to achieve a 
specific learning goal” (Kozma & Russell, 2005, p. 129).  In doing so, educators prevent 
overloading students with too much information while leveraging the key role that visual 
tools play in student learning and development (Gilbert, 2006; Robinson, 2004).   
 Kozma and Russell (2005) described five distinct competence levels for student 
use of visual representations in general chemistry.  In the first level, students demonstrate 
an understanding the physical features of a scientific concept through direct observation.  
Second, students develop basic visual skills to represent these physical features in a 
limited scope such as the use of arrows to show a change in space or time. Third, students 
develop the ability to use these representations to make inferences about unobservable 
phenomena such as the use of learned rules to solve problems.  Fourth, visuals are used to 
represent these abstract phenomena such as appropriately reasoning with learned visual 
tools.  Fifth, students develop a cognitive connection between the original physical 
features and the underlying abstract concepts through appropriate modeling.  When these 
levels are mastered, students as novices gain the ability to make connections between 
prior knowledge based on intuition, and the unexpected results of abstract phenomena.   
 
2.3.2 Common Visual Tools for Atomic Structure 
 Educators have found ways to support student learning by teaching the use of 
visual representations in a similar fashion as they are used by experts.  The follow section 
describes six visual tools described in the research literature used to teach general 
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chemistry students about atomic structures.  Images of these tools can be seen in Figure 
2.1.  
 The Bohr Model.  There are many common visual models of atomic structure used 
for teaching chemistry with varying levels of complexity.  One of the most common is 
the Bohr Model.  A historical representation created in 1913 by Neils Bohr, the Bohr 
Model is still used in textbooks today (Justi & Gilbert, 2000).  This model displays 
atomic structure by showing electrons around a central nucleus with distances dependent 
upon energy and wave-like properties (Figure 2.1(a)).  Studies done by Wang and 
Barrow, (2013), and Müller and Wiesner (2002), have shown that students found the 
Bohr Model helpful and used it to support predictions and explanations of physical 
phenomena.  Even advanced students who learned complex representations of atomic 
structure were reported to frequently use the Bohr Model (Wang & Barrow, 2013; Müller 
& Wiesner, 2002). 
 Energy Diagrams.  Niedderer, Bethge, and Cassens (1990) described another 
visual model used in conjunction with the Bohr Model known as the energy diagram.  
Created based on the visual composition of the Bohr Model, energy diagrams are meant 
to show energy states within an atom along a single axis (Figure 2.1(b)).  When arrows 
are drawn between two states, the model can be used to describe energy absorption or 
emission by the atom.  According to Niedderer, Bethge, and Cassens (1990) these models 
should be used by educators to help students understand the results of experiments such 
as emission spectra and the Franck-Hertz experiment.  
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 Energy Graphs.  Rioux and DeKock (1998) described the importance of students 
understanding electron energy when learning about atomic structure.  In their work, 
Rioux and DeKock focused the contributions of potential and kinetic energy on overall 
electron energy within an atom (1998).  Energy graphs were used to help show how these 
energies varied as a function of distance from the nucleus (Figure 2.1(c)).  This two-
dimensional representation has been be used to teach students both the relationship 
between energy and atomic radii, and to compare the different types of energy to the 
overall state of an electron (Rioux & DeKock, 1998).   
 Quantum Wells.  In their 2001 study, Bao & Redish used simplified 
demonstrations to represent classical examples of “potential electron wells”, or quantum 
wells.  Drawing analogies between concrete barriers of classical systems, and potential 
energy barriers of quantum concepts, Bao and Redish studied the use of quantum wells as 
visual models (Figure 2.1(d)). The results showed that after students became familiar 
with quantum wells, they were able to more accurately describe and reason about electron 
energy states (Bao & Redish, 2001).  While this study was done using physics students, 
the use of quantum wells in teaching atomic structure in chemistry has also been 
recommended  (Niedderer, Bethge, & Cassens, 1990).  
 Atomic Orbitals.  Atomic orbitals are used to represent three-dimensional electron 
probability densities at varying energy levels within an atom  (Figure 2.1(e)) (Trindade & 
Fiolhais, 2003). Because these models are mathematically derived, they are “extremely 
useful in providing a theoretical framework for the unification of a multitude of chemical 
facts” (Scerri, 1998, p. 1384).  Orbital drawings allow experts to visualize and spatially 
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reason about various molecular structures. While the mathematical explanations of the 
orbital theory are difficult to understand, a study by Trindade and Fiolhais (2003) showed 
that some of these visual representations helped students qualitatively conceptualize 
atomic structure.   
Figure 2.1: Illustrative Examples of Visual Representations of Atomic Structure 
 
 Waveforms.  Orbital structure, electron energy, and electron density have been 
taught to students using one-dimensional waveforms (Figure 2.1(f)) (Fitzpatrick & 
Wilson, 1997).  By connecting these representations to prior knowledge of classical 
waves such as vibrating strings, wave functions have been shown to help introduce 
abstract concepts such as quantization and energy to aid in teaching these other concepts 
(Davis, Silverstein & Cambell, 2007).  
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2.3.3 Common Visual Tools for Molecular Structure 
 The follow section describes seven visual tools described in the research literature 
used to teach general chemistry students about molecular structures.  Images of these 
tools can be seen in Figure 2.2.  
 Basic Two-Dimensional Models.  Wang and Barrow (2013) described in their 
study the importance of teaching multiple models with respect to molecular structure.  
Their argument pointed out that the seemingly singular concept of molecular polarity 
depended on “several underlying concepts, including (1) periodic variation (including 
models of atomic structure), (2) chemical bonding, (3) electro-negativity, and (4) 
molecular geometry” (p. 131).  As a result, these underlying concepts needed to be 
understood before students could learn the more complex topic.  To test student 
understanding of these different underlying concepts, Wang and Barrow looked at the 
different two-dimensional visual models chemistry students used when describing atomic 
and molecular structure.  They found that students drew chemical equations, ball and 
stick models (Figure 2.2(a)), space filling models (Figure 2.2(b)), Lewis Dot Diagrams 
and Lewis Structures (Figure 2.2(c)).  The findings of this study showed that when 
students used more than one of these visual models, they were able to more accurately 
explain and reason about molecular structure (Wang & Barrow, 2013). Students who 
were able to reason with these models showed a more accurate understanding of 
molecular polarity than those students who relied on memorized facts. 
 Molecular Orbital Energy (“Correlation”) Diagrams.  Energy diagrams are often 
used to represent both atomic and molecular structure (Figure 2.2(d)).  For the topic of 
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bonding, these diagrams are used to show the change in energy between isolated atomic 
orbitals and molecular orbitals (Bartell, 1968).  Because of the simplicity of these 
diagrams and focus on energy change, molecular orbital energy diagrams, or correlation 
diagrams, have been used to help teach general chemistry students about bonding such 
that, “[they] can be skilled users of the representation scheme without knowledge of the 
quantum theory in which it is grounded” (Woody, 2000, p. 624) 
 Three-Dimensional Models.  Student understanding of molecular structure has 
also been studied through the use of different three-dimensional models.  Copolo & 
Hounshell (1995) conducted a study where students were expected to identify isomers of 
complex organic molecules while being taught using different two- and three-
dimensional models.   Because the chemical equations for each of these sets of molecules 
were identical, this study focused on students’ ability to use these models to reason 
spatially.  The results of this study showed that those students who were taught about 
isomers with three-dimensional molecular models (Figure 2.2(e)) displayed higher 
reasoning skills than those who were taught with only two-dimensional models. 
 Hybridized Orbitals. Hybrid atomic orbitals are used to teach the change in 
atomic orbital shape during bonding (Figure 2.2(f)) (Pritchard, 2012).  Because these 
models are mathematically derived, they are “extremely useful in providing a theoretical 
framework for the unification of a multitude of chemical facts” (Scerri, 1998, p. 1384). 
These two models allow experts to visualize and spatially reason about various molecular 
structures. While the mathematical explanations of the orbital and hybridized orbital 
theory may be difficult to teach students, a study by Trindade and Fiolhais (2003) showed 
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that some of these visual representations helped students qualitatively conceptualize 
atomic and molecular structure.   
 Electrostatic Potential Maps.  Hinze et al. (2013), studied the use of electrostatic 
potential maps (EPM) for understanding electron distribution within molecular structures.  
EPMs are designed to represent ball and stick models with the addition of color-coded 
electron probability density throughout the molecule (Figure 2.2(g)).  Prior to introducing 
EPMs, participating students in this study had been taught organic chemistry concepts 
with ball and stick models.  During interviews, students were given both ball and stick 
models and EPMs to use in answering questions about chemical reactions.  The results of 
this study showed that students initially relied on the more familiar ball and stick models 
but began to use the information about electron density EPMs more frequently, showing 
an increased understanding of these models (Hinze, et al., 2013).  The combination of 
these two models in this study showed that both were useful for answering questions 
about chemical reactions once students learned how to appropriately use them.  
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Figure 2.2: Illustrative Examples of Visual Representations of Molecular Structure 
 
2.4 Modeling skills  
 Educators must be aware that students as novices do not think about these models 
in the same way as experts do (Gilbert, Boulter, & Rutherford, 1998).  By better 
understanding how experts qualitatively represent quantum mechanics, educators have 
produced simplified visual representations and computer simulations to help teach their 
students about atomic and molecular structure (Kozma & Russell, 2005).  As outlined by 
Kozma et al. (2000), modeling skills are necessary for students to “make predictions 
about chemical phenomena or concepts”, learn to “use different representations that are 
appropriate for different purposes”, and to “make explicit connections across 
representations that convey relationships” (p. 136).  Summarized from the research 
literature, the highest level of modeling skill that students as novices should be expected 
to learn are: (1) the use of multiple representations to explain the connections between 
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physical phenomena and underlying concepts; (2) the recognition of limitations and 
applications of individual representations; (3) the use of representations to communicate 
about physical phenomena; (4) the creation or selection of appropriate representations for 
a given context while problem solving; and (5) the use of representations to predict 
outcomes of new phenomena (Kozma & Russel, 2005; Gilbert, 2008; Harrison & 
Treagust, 1996; Justi & Gilbert, 2002; Kantardjieff & Hardinger, 1999; Kozma, et al., 
2000; Posner & Gertzog, 1982; McDermott & Sommers, 1991; Wu & Soloway, 2001).  
 The creation of computer simulations by both experts and educators has been used 
to teach students modeling skills, and to directly address common misconceptions about 
atomic and molecular structure.  A computer simulation has been defined as “a 
representation of a situation, based on a model, that describes the action of a system over 
time” (Richards, Barowy, & Levin, 1992, p. 68).  The most effective computer 
simulations have been designed to: (1) give students dynamic models of chemistry 
processes; (2) provide engaging and interactive environments; (3) allow students to 
control the rate of the simulation and instruction; (4) require students to switch between 
different types of models; and (5) mirror experimental results (Burke, Greenbowe, & 
Widschitl, 1998; Velazquez-Marcano, Williamson, Ashkenazi, Tasker, & Williamson, 
2004; Richards, et al., 1992; Geelan & Mukherjee, 2010; Rapp, 2005; Robinson, 2004; 
Linn, 2003; Veenema & Gardner, 1996; Richman, 1998).  
 The effective use of these simulations has been shown in the research literature 
shown when integrated with face-to-face instruction.  When computer simulations are 
used before instruction, they have given students a qualitative background of potentially 
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difficult concepts allowing them to make predictions about physical phenomena (Russell, 
et al., 1997; Richards, Barowy, & Levin, 1992; Singh, 2008).  After instruction, computer 
simulations have allowed students to reflect on these concepts and have given them an 
interactive environment in which to test understanding (Richards, Barowy, & Levin, 
1992; Frederiksen, White, & Gutwill, 1999; Singh, 2008).  The following sections 
describe examples of successfully used computer simulations for teaching atomic and 
molecular structure from the research literature. 
 
2.4.1 Computer Simulations for Atomic Structure Examples 
 Several studies have shown the use of various computer simulations in aiding 
student modeling about atomic and molecular structure.  A study conducted by Trindade 
and Fiolhais (2003), used a computer simulation based on three-dimensional atomic 
orbitals in the hydrogen atom called, “Virtual Water”.  The goals of this project were to 
help aid student perception of three-dimensional models and promote the use of the 
atomic orbital model for understanding atomic structure. This system was studied using 
think-a-loud interviews with college students who were able to, “rotate the orbitals, 
choosing different aspects of electron densities, and to experiment diverse cut plans” 
while using the simulation (p. 4).  The results showed that the use of this computer 
simulation helped transition students from relying on a planetary model to a three-
dimensional atomic orbital model when describing electron structure within an atom. 
 A study conducted by Singh (2008) on the development of quantum interactive 
learning tutorials (QuILTs) used computer simulations to aid classroom instruction. In 
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this particular study, two QuILTS about atomic structure were tested with college 
students during class sessions and think-a-loud interviews. The purpose of the first 
simulation was to support the idea of time-dependence for electron waves for students 
who had previously learned with static visual tools such as quantum wells and atomic 
orbitals.  By creating a dynamic simulation of these non-stationary states, Singh reported 
that students were more open to the adaptation of new models to describe atomic 
structure (2008).  The results of this study also showed that students performed 
statistically better on concept tests about non-stationary electron states after the use of the 
simulation.   
 The second simulation used in the study by Singh (2008) focused on teaching the 
“Uncertainty Principle”.  This simulation used the de Broglie relation in comparison to 
wave pulses to help show the differences between well-defined positions and momentum 
(Singh, 2008). The animations and interactive graphs in this simulation were from the 
experimental results and mathematical theory of experts and allowed students to control a 
dynamic environment in which these visual tools were used. The use of this simulation 
showed that students scored statistically higher on post-tests asking about the 
“Uncertainty Principle”.  In addition, observations of students using each simulation 
showed increased engagement as demonstrated by more frequent discussion when 
working in groups. 
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2.4.2 Computer Simulations for Molecular Structure Examples 
 Because of the importance of developing modeling skills for learning about 
abstract topics, many computer simulations use multiple visual representations to 
demonstrate complex phenomena such as bonding and molecular structure.  The 
following four examples show the use of different computer simulations for this common 
goal.   
 The first was a study conducted by Wu, Krajcik, and Soloway (2001) looked at 
the effect of multiple models on learning molecular geometry.  High school students used 
this system during a six week, in-class unit where they were asked to build molecular 
models using a simulator called “eChem”.  This simulation showed multiple models 
simultaneously including the ball and stick model, space filling model, and three-
dimensional drawings. Students were asked to compare various molecular geometries to 
chemical and physical properties of compounds.  The results of this study showed an 
increase in student engagement, increased discourse between students working in pairs 
and groups, conceptual connections between visual sub-microscopic models and 
macroscopic properties, and an increased understanding of chemical representations on 
post-instructional tests.  
 The second study was by Copolo and Hounshell (1995), who compared post-
instruction test gains of high school chemistry students being taught about organic 
molecules in one of four ways.  The different instructional methods were, “(1) two-
dimensional textbook representations, (2) three-dimensional computer models, (3) three-
dimensional ball and stick models, [and] (4) combination of the computer molecular 
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models and the ball and stick models” (p. 295).  The computer simulations used by the 
fourth group of students, called the “Molecular Editor”, allowed students to create and 
rotate different color-coded molecules.  The results of this study found that students who 
were taught using both the computer simulation and physical three-dimensional models 
“scored significantly higher on the retention test of isomeric identification compared to 
the other groups” (p. 295).  These findings supported the use of multiple representations 
when teaching chemistry and students’ need for three-dimensional representations 
because of difficulties with spatial reasoning from two-dimensional models. 
 To aid in teaching students about the differences between bonding and 
intermolecular forces, the third study by Geelan and Mukherjee (2010) used pre-existing 
computer simulations in high school chemistry classrooms.   Students in this study 
completed computer tutorials that showed the differences between ionic, covalent, and 
hydrogen-bonding using animated Bohr Models and electrostatic potential maps (EPM). 
These simulations gave students audio descriptions of different types of bonds while 
playing animations of how the bonds formed.  Students were able to control the rate of 
the animations as well as repeat steps as frequently as necessary.  One of these 
simulations then showed students multiple bond types at once, comparing strength and 
structure.  Using pre- and post-instruction conceptual tests about bonding, the results of 
this study showed that students who used the simulations had statistically significant 
gains after instruction (Geelan & Mukherjee, 2010). 
 The forth study study, by Barnea and Dori (1999), tested the effects of computer 
simulations on learning molecular structure. A computerized molecular modeling (CMM) 
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system was used in this study to show space filling and ball and stick drawings of various 
molecules.  This simulation was used during lab sessions with high school students who 
were asked to compare bond angles and bond strengths of different molecules.  After 
students worked with the computer simulations, they were instructed to create Lewis 
Structures to represent the molecular geometry. This supported the difficulty students had 
with spatial reasoning by first showing them the three-dimensional representations and 
then helping in the translation of these structures to symbolic representations.  This study 
found statistically significant increases on post-instruction achievement and spatial ability 
tests.  However, despite the increase in testing scores, most students struggled to make 
predictions about molecules that were not covered during instruction (1999). 
 
2.5 Summary 
 Based on constructivist theory, students learn through the continuous building of 
knowledge into complex cognitive systems called mental models (Bransford, et al., 2000; 
Duschl & Grandy, 2012; Johnson-Laird, 1983).  Developing these systems requires 
cognitive tools such as visual representations to describe abstract concepts. Because of 
the complexity of the quantum mechanical phenomena underlying topics of atomic and 
molecular structure, misinterpretation or dismissal of a single concept can be detrimental 
for future learning (Harrison & Treagust, 1996; Kantardjieff & Hardinger, 1999; 
Pritchard, 2012; Scerri, 2000).   The research literature has shown that common 
misconceptions about atomic and molecular structure in general chemistry courses are 
present because of this difficulty (Posner, et al., 1982).  As a result, teaching appropriate 
	  	  
34 
modeling skills is crucial in helping students learn about abstract phenomena.  
 In general chemistry, modeling is taught through the use of simplified expert 
representations (Gilbert, 2005; Harrison & Treagust, 1996; Kozma & Russell, 2005).  
While successful use of visual tools and computer simulations have been shown to help 
students learn about atomic and molecular structure, misconceptions and learning 
difficulties have been shown to be common and resistant to change (Gilbert, 2008; 
Richards, Barowy, & Levin, 1992).
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CHAPTER THREE: METHODOLOGY 
3.1 Research Design 
 The structure of this study was broken into three distinct stages (Figure 3.1).  
First, use of visual representations and understanding of atomic and molecular structure 
in a college general chemistry course was investigated.  Second, an intervention to 
support student use of visual representations for modeling atomic and molecular structure 
was designed based on the difficulties found during phase one.  Third, student use of the 
intervention was investigated.  It was not the intention of this study to compare the data 
collected during these distinct stages, but instead to use them as insight into associations 
that could be inferred between student misconceptions and the use of visual tools.  
Figure 3.1: Research Outline and Timeline 
  
  Phase 1 Fall 
Pre- 
Concept Survey 
and Interviews 
Instruction with 
Intervention Workbook 
  
  
Phase 2 
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Creation of Intervention Workbook 
   
Creation of Concept Survey 
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3.2 Research Questions 
 The first research question drew from the data collected during phase one of this 
study.  This data was meant to investigate students’ conceptual change and the retention 
of misconceptions. By identifying these aspects of student learning, this data was used as 
the foundation for the development of the intervention.  
3) How do students in college general chemistry courses use visual representations for 
modeling atomic and molecular structure? 
a. What visual representations do students use (without prompting) to describe 
and explain atomic and molecular structure during pre- and post-instructional 
interviews?   
b. Are the visual representations students use derived from those taught during 
instruction? 
c. As identified in the interviews, what associations can be inferred between 
student misconceptions and the use of visual representations? 
 
 The second research question focused on the data collected in phase three of this 
study.  This data was collected to investigate student use of the intervention and gain 
further insight into student difficulties in learning atomic and molecular structure. 
 
4) What is the effect of the intervention workbook on students’ use (without prompting) 
of visual representations to address previously identified misconceptions about 
atomic and molecular structure?  
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a. Is there a correlation between the level of completion of the intervention and 
the performance on a concept survey designed to elicit student 
misconceptions? 
b. What visual representations do students use to describe and explain atomic 
and molecular structure during pre- and post-intervention interviews?   
c. Are the visual representations the students use derived from those addressed 
in the intervention? 
d. As identified in the interviews, what associations can be inferred between 
student misconceptions and the use of visual representations? 
 
3.3 Phase One: Fall Semester – No Intervention 
3.3.1 Course Description 
 The particular course used for this study was the first in a series of two taught in 
the department of chemistry at a large research university in the Northeast. It was 
selected because of the use of expert visual representations in teaching, and a quantum 
concept approach to chemistry.  The first two-thirds of this course taught fundamental 
aspects of chemistry, while the last third taught atomic and molecular structure 
(Appendix A: Fall Course Syllabus).  The course was taught by three professors, with 
800 students divided into four lecture sessions, near peer learning assistants, a lab 
lecturer, and discussion leaders.  Two of the three professors were committee members of 
this dissertation, but had no part in student recruitment or data collection.  The overall 
structure of this course included the following aspects of instruction:  
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• Duration: 13 weeks 
• Lecture sessions: 40 hours (total) 
• Discussion sessions: 1 hour a week 
• Lab sessions: 3 hours a week 
• Lab lectures: 1 hour a week 
• Two online homework systems 
 
3.3.2 Population Sample 
 The general population of this study was comprised of students who were enrolled 
in the fall semester general chemistry course as part of an academic major requirement, 
and were primarily planning on majoring in scientific fields other than physics and 
chemistry.  These majors were in the fields of biology, medicine, science education, 
engineering, and environmental science.  While the academic backgrounds of these 
students varied, their incoming knowledge of atomic and molecular structure and visual 
representation use were expected to be similar to those observed during pilot study 
interviews and common misconceptions outlined in the research literature.   As such, 
their diverse backgrounds were not expected to dilute the findings of this study, but 
instead added to the understanding of student learning difficulties.  
 
3.3.3 Recruitment  
 I recruited students for this study during the beginning of one lecture session at 
the start of the fall semester (Appendix B: Fall Student Recruitment Script and Email).   
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Each student received a consent form during this lecture session to read over details of 
what the study entailed (Appendix C: Fall Student Interview Consent Form).  For those 
students who were interested in participating, consent forms were collected at the end of 
the lecture session. A follow-up e-mail was sent to all of the students giving the general 
information of the study and inviting students to e-mail me if they have any questions 
(Appendix B).  
 
3.3.4 Sampling  
 Of the students over the age of 18 who volunteered to interview during the fall 
semester, twenty-six were randomly selected to participate.  This selection was done 
using a random number generator that assigned numbers to all student participants 
regardless of class section.  Of those students invited to complete the study, fifteen 
completed both pre- and post-instructional interviews and were included in this study.  
 
3.3.5 Data Collection Procedures 
 Course Observations.  Each lecture session during the fall semester was video 
recorded by the department and posted online for student use.  These recordings included 
the instructor, lecture notes, presentations slides, and demonstrations. Audio-recordings 
included questions made by students in the class, but maintained anonymity by not 
identifying the students themselves.  The video-recordings of lectures related to atomic 
and molecular structure were used in the analysis of how the students were taught atomic 
and molecular structure.  All blank course handouts, textbook chapters, discussion 
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packets, lab manuals, and exams were also collected and used for analysis.  
 
 Pre-Instruction Student Interviews.  To study student use of visual representations 
for modeling, the uniqueness of the participants was addressed using a research method 
that is both open-ended and flexible.  The most commonly used research method in these 
scenarios has been the clinical interview (Ginsburg, 1997; Grindsted, 2007; Patton, 1992; 
Rudestam & Newton, 2007).  The clinical interview allows for topics to be discussed in 
an open format to allow participants to determine the direction of conversation while still 
addressing the necessary topics.  
 Of the twenty-six students selected to participate, twenty completed pre-
instructional interviews during the first few weeks of the fall semester prior to the 
instruction of atomic and molecular structure. I conducted pre-instructional interviews 
with students that lasted approximately 30 – 60 minutes in duration and were audio-
recorded and transcribed.  Students were given a $10 gift certificate for their participation 
in pre-instructional interviews. 
 During pre-instructional interviews, students were asked to describe, explain, and 
reason about the general ideas of light and matter first to help recall information they may 
have learned prior to the interview, and to make sure that students had a general 
understanding of atoms and molecules.  Students were given opportunities to draw visual 
representations to help in their responses.  While students were encouraged to do so, they 
were never prompted or asked to draw specific representations.  All drawings were 
collected at the end of the interview.  Validation for conceptual knowledge included 
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follow-up questions during interviews for clarification. (Appendix D: Fall and Summer 
Pre-Instruction Interview Protocol).   
 
 Post-Instruction Student Interviews.  During the last two weeks of the fall 
semester, each of the students who completed pre-instructional interviews was invited to 
return for a second interview.  Fifteen students returned for the post-instructional 
interviews which lasted approximately 30 – 60 minutes in duration, and were audio-
recorded and transcribed.  Students were given an additional $15 gift card for completing 
the post-instructional interview.   
 During post-instruction interviews, students were asked to describe different 
atoms and molecules to illicit information about atomic and molecular structure.  
Validation for conceptual knowledge included follow-up questions during interviews for 
the clarification. While the second interview did not include the warm-up questions about 
light, the types of questions and opportunities for students to display their understanding 
of these concepts were the same (Appendix E: Fall Post-Instructional Interview Protocol).  
In addition, students were asked to identify what from the semester helped them in 
answering questions during the interview.  Students were again given opportunities to 
draw visual representations to help in their responses, and all drawings were collected at 
the end of the interview.   
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3.4 Phase Two: Intervention Design 
3.4.1 Intervention Design 
 A supplemental workbook for this general chemistry course was created and went 
through various validation tests during phase two of this study.  Fall interviews and pilot 
study data were used to finalize the topics to be covered in the intervention workbook as 
well as the overall structure and wording.  I sat down with near peer learning assistants 
from the fall course and asked them to go through the activities of the intervention 
workbook out loud to discuss their interpretation of the questions.  These students were 
also asked for their feedback on the appropriateness of each part of the workbook for 
aiding the students in the specific general chemistry course.  These discussions were used 
as a means of content and criterion validation of the workbook (AERA-APA-NCME, 
1999).  I also interviewed course faculty and other content experts to go through each part 
of the intervention workbook. This feedback was then used to make any final edits on the 
workbooks and acted as a means of content validation (AERA-APA-NCME, 1999). 
 The structure of the workbook included 27 modularized activities, each focusing 
on a single topic, and the use of one or more visual representations for modeling.  The 
topics of this workbook included waves, spectroscopy, energy diagrams and chemical 
processes, electron waves and configuration, shielding, bonding, and molecular shape and 
hybridization (Appendix C: Intervention Workbook).  The workbook was used as a 
regular part of course instruction during the summer term (phase three) such that the 
instructor of the course assigned one or more activities for students to complete as lecture 
preparation but were not graded.  Activities were accompanied with suggested textbook 
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readings to support their use in lecture preparation.  
 
3.4.2 Concept Survey 
 Concept surveys have been used as a way to measure content knowledge gain in 
science courses.  However, of the currently available concept surveys, many questions 
focusing on atomic and molecular structure were not appropriate for the use in this study.  
In quantum mechanical concept surveys the questions were either too heavily dependent 
on high-level mathematics, or did not address the chemical perspective of atomic and 
molecular structure taught in the intervention (Cataloglu & Robinett, 2002; McKagan & 
Wieman, 2006; Goldhaber, Pollock, Dubson, Beale, & Perkins, 2007; Wuttiprom, 
Sharma, Johnston, Chitaree, & Soankwan, 2009).  Studies that looked at quantum-
chemical concepts in general chemistry courses often used concept questions that were 
open-ended and specific to the course, making them inappropriate for this study 
(Tsaparlis & Papaphotis, 2002).  In available chemistry concept surveys, most questions 
did not focus on the underlying quantum concepts as taught in this intervention (Krause, 
Birk, Bauer, Jenkins, & Pavelich, 2004).  Examples of these questions can be found in 
Appendix F.  After a review of the currently published concept surveys on the topic of 
quantum concepts, the decision was made to create a specific survey for the purpose of 
this research. 
 As a result, a 15-question concept survey was created during phase two of this 
study.  The questions on this assessment covered the topics of atomic and molecular 
structure and were based on the topics addressed in the workbook (Appendix G: 
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Designed Concept Survey).  Distractors for the multiple-choice options were selected 
from the common misconceptions in the literature, questions asked by the students during 
class sessions, and misconceptions used in pilot study student interviews (Alaimo, Olson, 
& Frongillo, 1999).  
 Think-aloud style interviews were conducted with students from the fall term as a 
form of criterion validation of the concept survey questions (AERA-APA-NCME, 1999; 
Wang & Barrow, 2013).  During these interviews, students were asked to read through 
each concept survey question, the possible multiple-choice answers, and their reasoning 
when choosing an answer and eliminating others.  As a means of criterion validation, I 
was able to determine whether the questions were being interpreted as intended.  I also 
interviewed the course faculty and other content experts as a means of content validation 
(AERA-APA-NCME, 1999).   Each question and correct answer option were discussed 
during these interviews to ensure that the subjects asked were both accurate and 
appropriate for this population of students.   
 
3.5 Phase Three: Summer Term – Implementation of Intervention Workbook 
3.5.1 Course Description 
 The course studied during phase three was the same general chemistry curriculum 
taught in the fall semester (phase one), but was conducted over a 6-week intensive 
summer term.  According to the chemistry faculty, the course taught during the summer 
term was as rigorous and intellectually challenging as that taught during the academic 
year.  This can be seen through the detail of content covered and the comparable number 
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of instructional hours for students during both academic terms. The professor of this 
summer term was from the chemistry department of the university and taught the same 
course during the fall semester.  This professor was one of the two from the fall who 
served as a committee member on this dissertation.  Content taught and the delivery of 
materials during the summer term was comparable to that taught during the fall. The 
differences included the lack of lab lectures and online homework, and the additional use 
of the intervention workbook (Appendix H: Summer Course Syllabus Phase Three). The 
overall structure of this course included the following aspects of instruction: 
• Duration: 6 weeks 
• Lecture sessions: 40 hours 
• Discussion sessions: 3 hours a week 
• Lab sessions: 3 to 6 hours a week 
• Intervention workbook 
 
3.5.2 Population Sample 
 Students enrolled in the summer course were both students from the university in 
this study (approximately 70%) and those taking the course locally from other higher 
education institutions (approximately 30%).  These students included those who were 
taking the course for the first time, while others may have previously failed general 
chemistry. While the academic backgrounds of these students varied, their incoming 
knowledge of atomic and molecular structure, and visual representation use, were similar 
to those observed during previous studies, pilot study interviews, and common 
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misconceptions outlined in the research literature.   As such, their diverse backgrounds 
were not expected to dilute the findings of this study, but instead added to the 
understanding of student learning difficulties.  
 
3.5.3 Recruitment  
 Students were recruited for this study during the beginning of one lecture session 
at the start of the summer term (Appendix I: Summer Recruitment Script and E-mail).  
Each student received a consent form during this lecture session to read over details of 
what the study entailed (Appendix J: Summer Student Interview Consent Form).  For 
those students who were interested in participating, consent forms were collected at the 
end of the lecture session.  A follow-up e-mail was sent to all of the students giving the 
general information of the study and inviting students to e-mail me if they have any 
questions (Appendix I).  
 
3.5.4 Sampling  
 Of the students over the age of 18 who volunteered to interview during the 
summer term, all ten were invited to participate in interviews via e-mail.  Seven students 
completed both the pre- and post-instructional interviews and are included in this study. 
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3.5.5 Data Collection Procedures 
 Course Observations.  Each lecture session during the summer term was video 
recorded by the department and posted online for student use.  These recordings included 
the instructor, lecture notes, presentations slides, and demonstrations. Audio-recordings 
included questions made by students in the class, but maintained anonymity by not 
identifying the students themselves.  The video-recordings of lectures related to atomic 
and molecular structure were used in the analysis of how the students were taught atomic 
and molecular structure.  All blank course handouts, textbook chapters, discussion 
packets, lab manuals, and exams were also collected and used for analysis.  
 
 Pre-Instruction Student Interviews.  All ten students who volunteered completed 
pre-instructional interviews during the first few weeks of the summer term prior to the 
instruction of atomic and molecular structure. Pre-instructional interviews were 
conducted by me, lasted approximately 30 – 60 minutes, and were audio-recorded and 
transcribed.  Students were given a $10 gift certificate for their participation in the pre-
instructional interview. 
 Pre-instructional interviews during the summer term (phase three) of this study 
were conducted in the same manner as those in the fall semester (phase one) (Appendix 
D).  Students were given opportunities to draw visual representations to help in their 
responses.  While students were encouraged to do so, they were never told or asked to 
draw specific representations.  All drawings were collected at the end of the interview.  
Validation for conceptual knowledge included follow-up questions during interviews for 
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clarification. (Appendix D).   
 
 Post-Instruction Student Interviews. Each of the ten students who completed pre-
instructional interviews was invited to return for a second interview.  Seven students 
returned for the post-instructional interviews during the last week of the summer term 
and the first week after the course ended.  Post-instructional interviews were conducted 
by me, lasted approximately 30 – 60 minutes in duration, and were audio-recorded and 
transcribed.  Students were given an additional $15 gift card for completing the post-
instructional interview.  These interviews were conducted using a similar protocol as in 
the fall semester (phase one) (Appendix K: Summer Post-Instructional Interview 
Protocol).  Students were again were asked to identify what from the semester helped 
them in answering questions during the interview and were given opportunities to draw 
visual representations to help in their responses.   
 
 Intervention Workbook Collection.  During the first discussion section of the 
summer term, students were each given printed workbooks that were numbered.  The 
distribution of workbook numbers were random to prevent students from being 
associated with a given workbook number.  Students were told to remember their 
numbers, not to put their names on the workbook, that activities would be assigned by the 
instructor throughout the course for lecture preparation, and that the workbook would be 
collected at the end of the semester.  Students were informed that the collection of 
workbooks would not count for a grade, and students would be able to retain anonymity 
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and collect their work after submission by remembering their workbook numbers.  
 The instructor collected workbooks during the second to last lecture session for 
review.  Submitted workbooks were then copied by me and returned for student pickup at 
the beginning of the following lecture session.  Any student who did not submit their 
workbooks was given an additional opportunity during the final exam.  
 
 Pre-Instruction Concept Survey.  During the first 15 minutes of the first lecture session, 
students were asked to complete the concept survey.  Students were instructed not to put 
their names on this survey, to complete each question to the best of their ability, and to 
write their workbook numbers on the front page if they were willing to have their 
answers compared to their workbook completion.  Students were told that the concept 
survey would not be graded, and their workbook numbers would remain anonymous.  All 
concept surveys were collected at the end of the 15-minute time period. 
 
 Post-Instruction Concept Survey.  During fifteen minutes of the final lecture 
session, students were given an identical concept survey as in the first lecture session.  
Students were again instructed not to put their names on this survey, to complete each 
question to the best of their ability, and to write their workbook numbers on the front 
page if they were willing to have their answers compared to their workbook completion 
while retaining anonymity.  Students were also reminded that the concept survey was not 
graded and would remain anonymous.  All concept surveys were collected at the end of 
the 15-minute period. 
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3.6 Analysis 
 The analysis of the data was conducted in various stages.  Because I was deeply 
and sometimes solely involved in each part of this study, additional researchers and 
experts in the field were asked to aid in the coding process to help minimize threats to 
reliability.   Threats to validity were addressed through the use of follow up questions 
during interviews, discussions with course instructors and experts about findings, and the 
collection of different types of data for analysis.  The section that follows outlines the 
stages of analysis for each type of data collected.  
 
3.6.1 Course Material – Phase One and Phase Three 
 The coding of course materials was completed in two stages.  Reliability tests 
were conducted at each stage of analysis.  
 Stage One: Topics of atomic and molecular structure.  In the first stage of 
analysis, course material (lectures, discussion packets, online homework questions, lab 
manual, and supplemental readings) from the fall semester (phase one) and summer term 
(phase three) was coded for topics of atomic and molecular structure.  Interviews with 
instructors of the course were completed to identify the intended topics of instruction. 
 Stage Two: Visuals used for topics of atomic and molecular structure.  The 
second stage of analysis was coding the course material for the visual tools used.  This 
stage of coding was both deductive and inductive in that I looked for common visual 
tools for teaching general chemistry, as well as looked for emerging tools from the data.   
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3.6.2 Interviews – Phase One and Phase Three 
 The coding of interview transcripts was completed in three stages.  Reliability 
tests were conducted at each stage of analysis. 
 Stage One: Topics of atomic and molecular structure.  The fall semester (phase 
one) and summer term (phase three) pre- and post-instructional interview transcripts and 
collected drawings of the students involved in this study were coded for topics of atomic 
and molecular structure described.  These codes were deduced from the topics taught 
during instruction.  For reliability, a subset of interview transcripts was coded by an 
expert in the field who was otherwise not part of the study.  Once agreement on codes 
was made, I continued coding the rest of the transcripts. 
 State Two: Visuals used for topics of atomic and molecular structure.  After 
coding for topics, all interviews were coded for the visual representations students used in 
discussing atomic and molecular structure.  This stage of coding was both deductive and 
inductive in that I looked for common visual tools for teaching general chemistry, as well 
as looked for emerging representations from the data.  For reliability, a subset of 
interview transcripts was coded by an expert in the field who was otherwise not part of 
the study.  Once agreement on codes was made, I continued coding the rest of the 
transcripts.  Visual representations from instruction were compared to the ones used by 
students in interviews before and after instruction. Examples, quotes, and student 
drawings were used in the description of this comparison. 
 Stage Three: Misconceptions and conceptual change about atomic and molecular 
structure.  Each interview transcript was scored to indicate an accurate or inaccurate 
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understanding of atomic and molecular structure (Table 3.1).  The change in conceptions 
from pre- to post-instructional interviews was identified and coded based on an ordinal 
scale (Table 3.1). For accurate descriptions (scored as correct conceptions), specific 
learning goals were identified by me and from interviews with the instructors.  For 
misconceptions (scored as incorrect conceptions), the research took a deductive and 
inductive approach to coding.  First, I looked for common misconceptions outlined by the 
research literature and by course instructors.  Second, I coded for inaccurate, alternative 
descriptions of the topics of atomic and molecular structure that emerged from the data.  
 To check for reliability, a subset of interview transcripts was coded by an expert 
in the field who was otherwise not part of the study.  Once agreement on misconception 
codes was made, I continued coding the rest of the transcripts.  The external expert also 
coded and scored the subset of transcripts for conceptual change.  Interviews with 
instructors of the course were completed to identify potential areas of difficulty students 
had during the semester, as well as the wording and content taught.  Comparisons were 
made between the misused visual representations of the misconceptions identified the 
research literature and the visual representations taught in the intervention. 
 
Table 3.1 
Scoring Rubric for the use of Representations for Correct and Incorrect Conceptions 
Conception Type Rating 
Correct conception + 1 
No conception / Visual rep not used 0 
Incorrect conception - 1 
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3.6.3 Concept Survey – Phase Three 
 Content Knowledge Gain. The summer term (phase three) pre- and post-
instructional concept survey questions were scored.  A subset of surveys was also scored 
by an undergraduate student, who was otherwise not a part of study, to check for 
accuracy.  Content knowledge gains were then calculated for each student based on the 
standardized gain equation: 
 𝑆𝑐𝑜𝑟𝑒!"#$!!"#$%&'$!(" −   𝑆𝑐𝑜𝑟𝑒!"#!!"#$%&'$!("𝑆𝑐𝑜𝑟𝑒!"!#$  !"##$%&' −   𝑆𝑐𝑜𝑟𝑒!"#!!"#$%&'$!("    
 
The content knowledge gain for each student and the average for the class were 
calculated and compared to the expected Hake score for traditional instruction and for 
immersive instruction.  The expectation is to have a content knowledge gain between 
those two values (Hake, 1998). 
 
3.6.4 Workbook Completion Level – Phase Three 
 To better understand how the students were taught, and any differences in the 
information they learned, their completion level of at-home workbook activities was 
determined.  Each activity was given a completion score (Table 3.2).  The overall 
completion level of the workbook was calculated.  For reliability, a subset of activities 
was coded by a graduate student who was otherwise not part of the study.    
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Table 3.2 
Scoring Rubric for Workbook Activity Completion 
Completion Level Score 
Blank 0 
Less than half complete 1 
More than half complete 2 
Complete 3 
 
3.6.5 Correlations – Phase Three 
 Statistical Pearson Correlations were run between the completion level of each 
student’s workbook and concept survey scores (pre-instruction score, post-instruction 
score, and content knowledge gain).  In addition, descriptive statistics (mean, median, 
mode, standard deviation, and inter-quartile ranges) and a statistical normality test (K-S 
test of normality) were calculated to describe the distribution of scores.  
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CHAPTER FOUR: RESULTS 
 This study investigated the association between misconceptions and use of visual 
representations and investigated why the use of visual representations has an impact on 
conceptual change in three distinct phases.  In phase one, pre- and post-instructional 
student interviews were conducted during a fall semester of the college general chemistry 
course to study student use of visual representations when describing and explaining 
atomic and molecular structure.  In phase two, the results of this data were used to 
develop an intervention workbook designed to target student misconceptions and support 
the appropriate modeling through the use of visual representations.  Finally, in phase 
three, the impact of the designed intervention workbook on student learning during a 
summer term of the same college general chemistry course was evaluated.  This study 
uses these distinct stages for insights into associations between student misconceptions 
and the use of visual tools inferred from the data.  As stated earlier, of the research 
questions are: 
 
1) How do students in college general chemistry courses use visual representations for 
modeling atomic and molecular structure? 
a. What visual representations do students use (without prompting) to describe 
and explain atomic and molecular structure during pre- and post-instructional 
interviews?   
b. Are the visual representations students use derived from those taught during 
instruction? 
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c. As identified in the interviews, what associations can be inferred between 
student misconceptions and the use of visual representations? 
 
2) What is the effect of the intervention on students’ use (without prompting) of visual 
representations to address previously identified misconceptions about atomic and 
molecular structure?  
a. Is there a correlation between the level of completion of the intervention and 
the performance on a concept survey designed to elicit student 
misconceptions? 
b. What visual representations do students use to describe and explain atomic 
and molecular structure during pre- and post-intervention interviews?   
c. Are the visual representations the students use derived from those addressed 
in the intervention? 
d. As identified in the interviews, what associations can be inferred between 
student misconceptions and the use of visual representations? 
 
4.1 Phase One: Fall Semester – No Intervention Workbook 
 The first research question is addressed by the data collected during the fall 
semester.  The first part of this section outlines the visual tools used during fall 
instruction.  The sections that follow provide the results of this study based on each sub-
question.  
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4.1.1 Phase One: Fall Semester Course and Participant Descriptions 
 The concepts of atomic and molecular structure were taught as four distinct 
topics: electron behavior, atomic structure, covalent bonding, and molecular geometry.  A 
total of 24 visual tools were used to teach these four topics (Table 4.1).  Examples of 
each of these visuals can be seen in Appendix L.   
 Of those students who were invited to participate, fifteen completed both pre- and 
post-instructional interviews.  While the academic backgrounds of these students varied, 
their incoming knowledge of atomic and molecular structure and use of visual 
representation use were similar to those observed during previous studies, pilot study 
interviews, and common misconceptions outlined in the research literature.  
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Table 4.1 
Visual Representations used During Fall Instruction by Topic. 
Visual Representations Electron Behavior 
Atomic 
Structure 
Covalent 
Bonding 
Molecular 
Geometry 
Absorption Spectrum   X  
Ball and Stick Drawing   X X 
Bar Chart  X    
Bohr Model X X   
Box Diagram  X X X 
Correlation Diagram   X  
Density Graph X X X  
Electron Density Isosurface 
Drawing  X X X 
Emission Spectrum X  X  
Energy Diagram X X X X 
Geometry Drawing (3D)    X 
Graph X X   
Hybridized Orbital Drawing    X 
Lewis Structure  X X X 
Molecular Orbital Drawing   X X 
Orbital Drawing X X X  
Periodic Table X X X X 
Polarity Arrow   X X 
Probability Drawing X    
Solid Sphere Drawing X X X X 
Wave Diagram (Graph) X  X  
Wave Diagram (3D) X    
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4.1.2 Visual Representations used in Student Interviews: Data Analysis for Research 
Question 1a. What visual representations do students use (without prompting) to describe 
and explain atomic and molecular structure during pre- and post-instructional 
interviews?   
 
 Table 4.2 shows the visual representations used by the interview participants and 
the number of students who used them while describing atomic and molecular structure.  
The change in the number of students who used each visual is also reported.  Student 
drawing examples can be seen in Appendix M. 
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Table 4.2 
Visual Representations Used by Students During Fall Student Interviews (n = 15) 
Visual Representations 
Number of Students 
Pre Post Δ 
Ball and Stick Drawing 2 3 1 
Bohr Model 14 4 -10 
Box Diagram 2 4 2 
Correlation Diagram 0 8 8 
Cloud Drawing with Electron Particles (amorphous) 5 3 -2 
Cloud Drawing with Electron Particles (spherical) 5 0 -5 
Density Graph 0 3 3 
Electron Density Isosurface Drawing 0 1 1 
Emission Spectrum 0 1 1 
Energy Diagram 0 3 3 
Geometry Drawing (3D) 0 2 2 
Hybridized Orbital Drawing 0 1 1 
Lewis Structure 14 14 0 
Molecular Orbital Drawing 0 10 10 
Orbital Drawing 4 13 9 
Polarity Arrow 2 4 2 
Solid Sphere Drawing 2 5 3 
Wave Diagram (Graph) 0 5 5 
 
 The 15 interview participants used nine visual representations in pre-instructional 
interviews, and 17 in post-instructional interviews.   All but two of the visual 
representations drawn during interviews can be identified as common in chemistry 
instruction.  The two representations not readily identifiable, but used by interview 
participants were derived from the analogy of “electron clouds” as physical descriptions 
of atomic structure (Trindade & Fiolhais, 2003; Harrison & Treagust, 1996).  These 
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representations were used to describe atomic structure with electron particles. For the 
purpose of this study, these visuals have been named “cloud” drawings.   
 Prior to instruction, eight students described these cloud drawings during 
interviews.  Five of these students drew this representation as an amorphous shape, and 
five drew it spherically.  After instruction, only three students continued to use the 
amorphous cloud drawing, and no student continued to use the spherical cloud drawing.  
Descriptive quotes and corresponding drawings from two students can be seen below. 
 
“So if you were to draw it, it would have like a nucleus and then but the 
electrons [are] on the outside... There’s a big electron cloud where the 
nucleus is, and there’s random electrons inside of it.” (Student LF13 
Pre) 
Figure 4.1: Drawing and Description of “Amorphous Cloud” Representation (Pre-
Instruction) 
 
“They’re just like electrons buzzing around on the outside of the atom. 
Like I imagine like sort of like a crystal ball, when you shake it and the 
glitters float around, that’s what it feels like.” (Student HF13 Pre) 
Figure 4.2: Drawing and Description of “Spherical Cloud” Representation (Pre-
Instruction) 
 
In comparison, and accurate use of the cloud analogy can be seen in the following from a 
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student after instruction: 
Student: Well, an atom has two essential parts. The first part is the nucleus, which 
has protons, which emit a positive charge, and then there’s a negative particle / 
wave around it called an electron. And that’s what exists around it in the so-called 
cloud. 
 
Interviewer: Now how is this electron cloud… where is the wave in that? 
 
Student: Um, well, in this case it exists everywhere that you basically have this 
orbital around the nucleus of the atom.  
 
Interviewer: So if we could shrink down and see it, what would we see? 
 
Student: Well, you wouldn’t really see anything because it’s everywhere at once 
and it’s more of like, well, like a wave and a charge than it is something tangible 
that you can touch. 
 (Student FF13 Post) 
 
 After instruction, the students used seventeen different visual representations 
during interviews, nine of which were different than those used during pre-instructional 
interviews.  The new visual tools were correlation diagrams, density graphs, electron 
dispersion drawings, emission spectra, energy diagrams, 3D geometry drawings, 
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hybridized orbitals, molecular orbital drawings, and wave diagrams.  In addition to these 
visual representations, there was an increase in the number of students who used orbital 
drawings, ball and stick drawings, box diagrams, and polarity arrows.  The visual 
representation that showed the most significant decrease in use was the Bohr Model.  
 
4.1.3 Visual Representations used in Student Interviews Compared to Fall Course 
Materials: Data Analysis for Research Question 1b. Are the visual representations 
students use derived from those taught during instruction? 
 
 Through the comparison of Tables 4.1 and 4.2, it can be seen that many of the 
visual representations used by students during interviews were also used during 
instruction. When students were asked during interviews, “what from the previous 
semester helped in describing atomic and molecular structure”, none of the students 
indicated a source of new visual representations other than instruction.  Therefore, it can 
be inferred that changes in the use of visuals during post-instructional interviews was a 
direct cause of the course.  
 Table 4.3 shows the number of students who used specific visual representations 
for each of these four subtopics compared to those taught during instruction.  Any block 
in the table that is shaded indicates a topic for which the visual was not used during 
instruction, or a visual tool that was not used at all during instruction. 
 In addition to the increase in the types and number of visuals used by students 
during post-instructional interviews, the data shows changes in how these representations  
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Table 4.3 
Number of Students who used Visual Representations During Interviews Compared to 
those Taught during Instruction by Topic (n=15) 
 
# / # = The number of students who used the visual during pre- and post-instruction 
interviews 
___ = Not used for this topic during instruction 
Visual Representations Electron Behavior 
Atomic 
Structure 
Covalent 
Bonding 
Molecular 
Geometry 
Absorption Spectrum         
Ball and Stick Drawing     2 / 3 2 / 1 
Bar Chart 
 
      
Bohr Model 9 / 4 11 / 3 5 / 0 5 / 0 
Box Diagram   2 / 4 0 / 1  
Correlation Diagram     0 / 8   
Density Graph 0 / 3 0 / 3 0 / 1   
Electron Density Isosurface 
Drawing     0 / 1 
Emission Spectrum 0 / 1      
Energy Diagram 0 / 2 0 / 2 0 / 2 0 / 1 
Geometry Drawing (3D)       0 / 2 
Graph 
  
    
Hybridized Orbital Drawing       0 / 1 
Lewis Structure 1 / 1 2 / 0 11 / 14 10 / 12 
Molecular Orbital Drawing     0 / 10 0 / 1 
Orbital Drawing 4 / 12 4 / 13 2 / 8 2 / 5 
Polarity Arrow     1 / 1 1 / 4 
Probability Drawing 
 
      
Solid Sphere Drawing 2 / 1 1 / 0 1 / 3 1 / 4 
Wave Diagram (Graph) 0 / 4 0 / 1 0 / 4 0 / 1 
Wave Diagram (3D)         
Cloud Drawing with Electron 
Particles (amorphous) 4 / 3 4 / 3 3 / 1 2 / 1 
Cloud Drawing with Electron 
Particles (spherical) 4 / 0 4 / 0 3 / 0 3 / 0 
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were used.  Post-instructional interview results showed a stronger alignment between the 
visuals used by students and those taught by topic than in pre-instructional interviews.  
Deviations include some visual representations used by students for topics for which the 
representations weren’t used during instruction.  These include one student who used a 
wave graph to describe multi-electron atoms and molecular geometry, one student who 
used Lewis Structures to describe electron behavior, and five students who used orbital 
drawings to describe molecular geometry.  For specific topics, students did not use Lewis 
structures or solid sphere drawings to discuss multi-electron atoms, or emission spectra to 
describe covalent bonding.  
 
4.1.4 Misconceptions in Fall Semester Interviews: Data Analysis for Research Question 
1c.  As identified in the interviews, what associations can be inferred between student 
misconceptions and their visual representations? 
 
 Table 4.4 shows the number of students who had positive, negative, or no change 
in conceptual understanding of each of the four topics of atomic and molecular structure 
as defined by the scoring Table 3.1 (inter-rater reliability = 100%).  The topics identified 
in Table 4.4 that showed negative change were the result of either students not 
demonstrating understanding of concepts that they had discussed correctly during pre-
instructional interviews, or the development of misconceptions that were not present prior 
to instruction as identified in interviews.  Descriptions of these concepts and student 
quotes can be seen in Appendix N. 
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Table 4.4 
Student Conceptual Change as Demonstrated in Pre- and Post-Instructional Interviews 
by Topic (n = 15) 
Concepts Number of Students +Δ No Δ - Δ 
Electron Behavior 14 1 0 
Atomic Structure 12 1 2 
Covalent Bonding 11 1 3 
Molecular Geometry 10 2 3 
Overall Conceptual Change 13 0 2 
 
Overall conceptual change was calculated from the magnitude of change from each of 
the four concepts.  A student who showed positive conceptual change for electron 
behavior could have also had overall negative conceptual change based on the change 
from the other three topics.  
 
 Based on the results of pre- and post-instructional interviews, at least ten of the 
students had an increase in conceptual change for the four topics, and no more than three 
students had a negative change on any topic.  Overall, thirteen students showed positive 
conceptual change, while two showed negative change.  
 Table 4.5 outlines the misconceptions that were identified in the pre- and post-
instructional interviews of the 15 student participants, the number of students that 
demonstrated each misconception, and the change in the number of students.  Example 
quotes for these misconceptions can be seen in Appendix O.  
 After instruction, all four subtopics had a decrease in the number of students who 
demonstrated misconceptions; with the greatest decrease in the topic of electron behavior, 
and the smallest decrease in the topic of molecular geometry.  The misconception with  
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Table 4.5 
Misconceptions Identified in Student Interviews by Topic (n = 15) 
Concepts Misconceptions Number of Students 
Pre Post Pre Post Δ 
Electron 
Behavior 
Electrons are particles moving in space 15 3 
15 6 9 fewer Electron spin is a physical movement 1 3 
Atomic 
Structure 
More electrons around the outside of the atom / 
outer shell 2 0 
11 6 5 fewer 
Electrons do not interact 6 1 
Full outer shells are more stable 11 6 
Orbitals depict paths on which electrons move 2 0 
All electrons take the form of a single orbital 0 1 
Energy determines distances of electrons from 
the nucleus 7 1 
Electrons are held by centripetal force 2 0 
Covalent 
Bonding 
Bonding electrons remain between atoms 2 1 
11 9 2 fewer 
Bonding atoms have higher energy than 
separate atoms 0 1 
Bonding is caused by nuclei attraction 0 1 
Bonding is caused by recombination of nuclei 3 1 
Bonding electrons move around the molecule 
in set paths 2 0 
Bonding electrons move between overlapping 
clouds 3 1 
Electrons spend different amounts of time in 
different atoms of a molecule 2 1 
Valence electrons are attracted to each other 0 1 
Atoms bond because they "want" to fill their 
outer shell 8 8 
Double bonds contain four electrons that 
remain between nuclei (same as single bonds) 5 5 
Molecular 
Geometry 
CO2 and H2O have the same bent structure 6 0 
10 9 1 fewer 
Molecular geometry is caused by bond 
Polarity/ electronegativity 4 3 
Molecular geometry is due to Coulomb forces 4 8 
Molecular shape changes 1 1 
Students counted as having misconceptions during pre- and/or post-instruction 
interviews demonstrated one or more in the corresponding concept category.  
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the greatest decrease in use was, “electrons are particles moving through space”.  Three 
additional misconceptions that showed a decrease use were: “Atoms are more stable will 
full outer / valence shells”, “Energy determines the distance of electrons from the nucleus 
(planetary model)”, and “CO2 and H2O have the same bent structure”. The 
misconceptions that had the greatest increase in use were “Lone pairs determine the 
shape of a molecule”, and “Spin is a physical (classical) motion of the electron”.  
 Misconceptions were supported with incorrect use of visual representations.  The 
number of students who used specific visual representations in this way is given in Table 
4.6.  
 
Table 4.6 
Visual Representations Used by Students While Demonstrating Misconceptions (n = 15) 
Visual Representations Used While 
Demonstrating Misconceptions 
Number of Students 
Pre Post 
Lewis Structure 14 12 
Bohr Model 14 3 
Cloud Drawing with Electron 
Particles (amorphous) 4 1 
Cloud Drawing with Electron 
Particles (spherical) 4 0 
Orbital Drawing 2 4 
Box Diagram 0 2 
Ball and Stick 0 1 
Correlation Diagram 0 1 
MO Drawing 0 1 
 
 The two visual representations that were used by the most students while 
demonstrating misconceptions were the Bohr Model and Lewis Structures.  Before 
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instruction, the Bohr Model was most commonly used by students when inaccurately 
describing electron behavior, where Lewis Structures were used most often when 
inaccurately describing covalent bonding and molecular geometry.  After instruction, 
only three students continued to use the Bohr Model and twelve students continued to use 
Lewis Structures while demonstrating misconceptions.  
 In addition, four of the five students who used each of the cloud representations 
did so while demonstrating misconceptions. For all but one of these students, elimination 
of these visuals resulted in the absence of the associated misconceptions.  One student, 
however, maintained a misconception about covalent bonding even after eliminating the 
use of the cloud representation, and instead used orbital drawings.  
 Data from the 15 interview participants showed that an increase in the number of 
visual representations resulted in a decrease in the overall number of misconceptions 
demonstrated (Table 4.7).  Standardized, two-tailed t-tests showed statistically significant 
differences in the average number of visual representations and misconceptions before 
and after instruction (Visuals: t = 5.2; Misconceptions: t = 2.2; p < 0.05, two-tailed). 
 
Table 4.7 
Average Number of Visual Representations and Misconceptions per Student Before and 
After Instruction (n = 15) 
  Average per Student 
  
Number of Visuals 
Mean ± SD 
Number of Misconceptions 
Mean ± SD 
Pre 3.1 ± 1.4 2.9 ± 1.9 
Post 5.6 ± 2.0 1.8 ± 1.8 
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4.2 Phase Two: Intervention Workbook Development 
 An intervention was created during the second phase of this study based on data 
collected during phase one, professor interviews, a review of course content, and 
supporting pedagogical themes from the research literature.  
 
4.2.1 Topics and Visual Tools of the Intervention Workbook 
 Based on the misconceptions and learning difficulties seen during phase one of 
this study, a workbook consisting of 27 activities that covered the topics of electron 
behavior, atomic structure, and covalent bonding was created.  Twelve different visual 
tools were used in these activities.  A 28th activity was created to introduce molecular 
geometry to students, but was not used during instruction because the specific topic of 
hybridized orbitals was not covered during instruction. Table 4.8 shows which visual 
tools were used for the four different topics of atomic and molecular structure.  An 
outline of this workbook can be seen in Appendix P.  
 Based on the inferred association between the Bohr Model and Lewis Structures 
with misconceptions during phase one of this study, these representations were mostly 
eliminated from the workbook.  *The only place a partial Lewis Structure was used was 
as a symbolic representation of single, double, or triple bonds, not for conceptualization 
of atomic or molecular structure  (Activity 5, Appendix P).  The focus of these activities 
was to support the visual representations based on the wave nature of electrons and 
energy of atomic and molecular structure to support appropriate conceptualization.  
 Various computer simulations were also incorporated into eight of the 27 
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activities (Appendix P).  These simulations varied from simple animations of wave 
motion to complex images of 3D orbital shapes and accompanying energy diagrams.  
Each simulation was designed to be dynamic, interactive, and show appropriate use of 
visual representations as suggested by the research literature.  
 
Table 4.8 
Visual Representations Used in Intervention Workbook by Topic 
Visual 
Representations 
Electron 
Behavior 
Multi-Electron 
Atoms Bonding 
Absorption Spectrum   X 
Box Diagram  X  
Correlation Diagram   X 
Density Graph X X  
Emission Spectrum X   
Energy Diagram X X  
Graph X   
Lewis Structure*   X 
Molecular Orbital 
Drawing   X 
Orbital Drawing X X X 
Wave Diagram X  X 
 
4.2.2 Pedagogy of the Intervention Workbook 
 The structure of the intervention was a guided workbook that incorporated a 
hybrid approach to the “flipped classroom” (Fulton, 2012). Instead of full instruction at 
home of typical flipped classrooms, the design of this workbook was to have students 
teach themselves basic concepts as a preparation for lecture. Between lecture days, 
students were given modularized (single-concept), activity-based worksheets 
	  	  
72 
(“activities”) supported by visual tools, analogies, and computer simulations. The intent 
was to give instructors more time to present a greater depth of information during lecture. 
As such, these activities help to bridge the gaps between lectures by allowing students to 
practice previous topics as well as prepare for the following class session.  
 
4.2.3 Implementation of the Intervention Workbook 
 Students were given the workbook of 27 activities at the beginning of the course 
and were instructed to complete the necessary activities prior to each lecture. Students 
were also told that some lectures would start with one-question quizzes to check the 
completion and comprehension of the material, but that activities were otherwise not 
graded. Because of the short duration of the summer session, students were sometimes 
given multiple activities between lectures. 
 
4.3 Phase Three: Summer Term – Workbook Intervention Implementation 
 
4.3.1 Phase Three: Summer Session Course and Participant Descriptions 
 Table 4.9 shows a comparison of the visual representations used to teach during 
phase one and phase three of this study.  A black “X” indicates a visual representation 
used to teach a given topic during both the fall (phase one) and summer instruction 
(phase three), where as a grey “X” indicates use only during fall instruction (phase one).  
 Thirty-four of the 49 students in the course submitted workbooks, pre-instruction 
and post-instruction concept surveys.  From these 34 students, additional coursework and  
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Table 4.9 
Visual Representations used During Instruction 
Visual Representations Electron Behavior 
Atomic 
Structure 
Covalent 
Bonding 
Molecular 
Geometry 
Absorption Spectrum*   X  
Ball and Stick Drawing   X X 
Bar Chart   X   
Bohr Model X X   
Box Diagram*  X X X 
Correlation Diagram*   X  
Density Graph* X X X  
Electron Density 
Isosurface Drawing  X X X 
Emission Spectrum* X X X  
Energy Diagram* X X X X 
Geometry Drawing (3D)    X 
Graph* X X   
Hybridized Orbital 
Drawing    X 
Lewis Structure*  X X X 
Molecular Orbital 
Drawing*   X  
Orbital Drawing* X X X  
Polarity Arrow   X X 
Probability Drawing X    
Solid Sphere Drawing X X X X 
Wave Diagram (Graph)* X  X  
Wave Diagram (2D) X    
X = Used during both Fall and Summer Instruction 
X = Used during Fall Instruction Only 
* = Used in the Intervention Workbook 
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grades were collected from 11 students, and pre- and post-instruction interviews were 
conducted with 7 students.  While the academic backgrounds of these students varied, 
their incoming knowledge of atomic and molecular structure and visual representation 
use were similar to those observed during previous studies, pilot study interviews, and 
common misconceptions outlined in the research literature (Smith, diSessa, & Roschelle, 
1993; Posner, et al., 1982). 
 
4.3.2 Student Use of the Intervention Workbook: Data Analysis for Research Question 
2a.  Is there a correlation between the level of completion of the intervention workbook 
and the performance on a concept survey designed to elicit student misconceptions? 
 
 Workbook Completion.  At the end of the semester, workbooks were collected 
from 34 students and coded for level of completion based on Table 3.2 (M=62.1%, 
SD=27.3%).  Examples of activities and completion codes can be seen in (Appendix Q).  
Of the 34 submitted, one workbook was blank, eight workbooks were less than 50% 
complete, and the remaining 25 were more than 50% complete (inter-rater reliability = 
95%).  Table 4.10 shows the completion level of activities from these 34 students by 
topic.  
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Table 4.10 
Completion Percentage of Activities by Topic (n = 34) 
Topic Number of Activities 
Completion % 
mean ± SD 
Electron Behavior 17 68% ± 15% 
Atomic Structure 7 53% ± 17% 
Covalent Bonding 3 50% ± 2.5% 
Total 27 62% ± 27% 
  
 Concept Survey Results.  Thirty-four students completed both pre- and post-
instructional concept surveys, and submitted their workbooks at the end of the semester. 
The average Hake normalized gain for the concept survey was calculated to be 0.347 (SD 
= 0.314) for the 34 students, showing significant content knowledge gain for this 
academic environment (Hake, 1998). Of these 34 students, three had lower scores on 
their post-instruction concept survey, four students showed no change, and the remaining 
27 showed positive content knowledge gain.  A total of 20 students had higher than 
average Hake normalized gain scores.  
 Table 4.11 shows the average concept survey scores of these 34 students on the 
pre- and post-instructional concept survey for the topics of electron behavior, atomic 
structure, and covalent bonding.  The scores from the concept survey showed statistically 
significant increases after instruction based on standardized t-test mean comparisons 
(Electron Behavior: t = 7.4; Atomic Structure: t = 5.3; Covalent Bonding:  t = 4.3; 
Total: t = 6.8; p < 0.01, two-tailed).  
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Table 4.11 
Percentage of Correct Responses to Concept Survey Questions by Topic (n = 34) 
 
 
 Correlations.  A positive correlation was found between the completion level of 
activities and content knowledge gain (R=0.348, p<0.05, (one-tailed)).  From a subset of 
these students (n=11, K-S test of normality: p>0.05), positive correlations were found 
between post-instruction concept survey scores and exam grades (Second Midterm: 
R=0.621, p<0.05, Final Exam: R=0.624, p<0.05, (one-tailed)).  A positive correlation was 
also found between the final grades of these 11 students and their completion level of 
activities (R=0.523, p<0.05, (one-tailed)).  
 
4.3.3 Visual Representations in Phase Three Interviews: Data Analysis for Research 
Question 2b.  What visual representations do students use to describe and explain atomic 
and molecular structure during pre- and post-intervention workbook interviews?   
 
 Table 4.12 shows the number of students who used different visual 
representations during pre- and post-instructional interviews.  The change in the number 
of students who used each visual is also reported.  Student drawing examples can be seen 
in Appendix M. 
Topic Number of Questions 
Pre-Instruction 
Mean ± SD 
Post-Instruction 
Mean ± SD 
Electron Behavior 6 47% ± 13% 76% ± 19% 
Atomic Structure 5 38% ± 27% 73% ± 28% 
Covalent Bonding 4 34% ± 13% 58% ± 31% 
Total 15 40% ± 14% 64% ± 14% 
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 The student participants used nine different visual representations prior to 
instruction, and 14 after instruction including both the amorphous and spherical cloud 
drawings. Six of the 14 visuals used after instruction were not used beforehand: 
Correlation diagrams, density graphs, energy diagrams, molecular orbital drawings, solid 
sphere drawings, and wave diagrams. The representations that showed decreased use 
were ball and stick drawings, Bohr Models, spherical cloud drawings, and the elimination 
of the use of the amorphous cloud drawings.   
 
Table 4.12 
Visual Representations Used By Students During Interviews (n = 7) 
Visual Representations 
Number of Students 
Pre Post Δ 
Ball and Stick Drawing 4 2 -3 
Bohr Model 4 1 -3 
Box Diagram 2 3 1 
Correlation Diagram 0 4 4 
Cloud Drawing with Electron Particles (amorphous) 2 0 -2 
Cloud Drawing with Electron Particles (spherical) 5 2 -3 
Density Graph 0 3 3 
Electron Density Isosurface Drawing 2 5 3 
Energy Diagram 0 4 4 
Lewis Structure 5 7 2 
Molecular Orbital Drawing 0 4 4 
Orbital Drawing 2 6 4 
Polarity Arrow 1 1 0 
Solid Sphere Drawing 0 1 1 
Wave Diagram (Graph) 0 5 5 
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4.3.4 Visual Representations in Summer Term Interviews Compared to Summer 
Intervention Workbook: Data Analysis for Research Question 2c 
Are the visual representations the students use derived from those addressed in the 
intervention workbook? 
 
 Through the comparison of Tables 4.9 and 4.12, it can be seen that many of the 
visual representations used by students during interviews were also used during 
instruction. When students were asked during interviews, “what from the previous 
semester helped in describing atomic and molecular structure”, none of the students 
indicated a source of new visual representations other than instruction.  Therefore, it can 
be inferred that changes in the use of visuals during post-instructional interviews was a 
direct cause of the course.   
 Table 4.13 below shows the number of students who used specific visual tools for 
each of the four topics compared to those taught during instruction.  Any block in the 
table that is shaded indicates a topic for which the visual was not used during instruction, 
or a visual tool that was not used at all during instruction. Asterisk at the end of a visual 
representation indicates one that was used in the intervention workbook.  
 Overall, in post-instructional interviews there was greater overlap between student 
use of visual representations and how they were taught during instruction and the 
intervention workbook.   The topics with the greatest overlap were density graphs and 
molecular orbital drawings. However, not all of the visual tools used during instruction 
were used by students during interviews, including absorption spectra, bar charts, 
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emission spectra, graphs, or probability drawings.  The topic with the greatest difference 
between student visual use and instruction was for molecular geometry.  
 
Table 4.13 
Number of Students who used Visual Representations During Interviews, By Topic, 
Compared to those Taught During Instruction (n = 7) 
Visual Representations Electron Behavior 
Atomic 
Structure 
Covalent 
Bonding 
Molecular 
Geometry 
Absorption Spectrum*     
Ball and Stick Drawing   3 / 1 3 / 0 
Bar Chart      
Box Diagram* 1 / 1 2 / 2 1 / 1  
Correlation Diagram*   0 / 4 0 / 3 
Density Graph* 0 / 3 0 / 3   
Electron Density Isosurface Drawing   2 / 2 2 / 2 
Emission Spectrum*     
Energy Diagram* 0 / 1 0 / 4 0 / 1 0 / 1 
Geometry Drawing (3D)    0 / 1 
Graph*     
Lewis Structure* 1 / 1 2 / 2 4 / 7 4 / 7 
Molecular Orbital Drawing*   0 / 4  
Orbital Drawing* 0 / 5 2 / 6 0 / 5 0 / 3 
Polarity Arrow   1 / 1 0 / 1 
Probability Drawing     
Solid Sphere Drawing 0 / 1 0 / 1   
Wave Diagram (Graph)* 0 / 5 0 / 3 0 / 2  
Bohr Model 3 / 0 4 / 2 1 / 0 1 / 0 
Cloud Drawing with Electron Particles 
(amorphous) 2 / 0 2 / 0 2 / 0 1 / 0 
Cloud Drawing with Electron Particles 
(spherical) 5 / 2 1 / 1 3 / 2 3 / 2 
# / # = The number of students who used the visual during pre- and post-instruction 
interviews, respectively 
* = Used in the Workbook 
___ = Not used for this topic during instruction 
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4.3.5 Misconceptions in Student Interviews: Data Analysis for Research Question 2d 
As identified in the interviews, what are the inferred associations between student 
misconceptions and their visual representations? 
 
 Table 4.14 shows the number of students who had positive, negative, or no 
change in conceptual understanding of each of these four topics (inter-rater reliability = 
100%).  The topics identified in Table 4.14 that showed negative conceptual change were 
the result of either students not demonstrating an understanding of subtopics that they had 
discussed during pre-instructional interviews, or the development of misconceptions that 
were not present prior to instruction.  Descriptions of these concepts and student quotes 
can be seen in Appendix N.  
 
Table 4.14 
Student Conceptual Change as Demonstrated in Pre- and Post-Instructional Interviews 
(n = 7) 
Concepts Total Number of Students +Δ No Δ - Δ 
Electron Behavior 6 1 0 
Atomic Structure 7 0 0 
Covalent Bonding 7 0 0 
Molecular Geometry 2 4 1 
Overall Conceptual Change 7 0 0 
Overall conceptual change was calculated from the magnitude of change from each of 
the four concepts.  A student who showed positive conceptual change for electron 
behavior could have also had overall negative conceptual change based on the change 
from the other three topics.  
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 Based on the results of pre- and post-instructional interviews, all seven students 
showed an overall increase in conceptual change.  For the topics of electron behavior, 
atomic structure, and covalent bonding, all but one student showed positive conceptual 
change.  For the topic of molecular structure, however, only two students showed positive 
conceptual change, four students showed no overall change, and one student showed 
negative conceptual change.   
 Table 4.15 outlines the misconceptions that were identified in the pre- and post-
instructional interviews of the seven student participants, the number of students that 
demonstrated each misconception, and the change in the number of students. Example 
quotes can be seen in Appendix O. 
 The subtopics of electron behavior, atomic structure, and covalent bonding had a 
decrease in the number of students who had misconceptions after instruction, with the 
greatest decrease in the topic of electron behavior. For the topic of molecular structure, 
more students had misconceptions after instruction.  The two misconceptions with the 
greatest decrease in use were, “electrons are particles moving through space”, and 
“double bonds contain four electrons located between two atoms”.  The three 
misconceptions that showed an increase in use after instruction were “molecular 
geometry is caused by bond polarity”, “lone pairs repel bonds, causing molecular shape”, 
and “non-bonding electrons want to bond or be donated to other atoms”.  
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Table 4.15 
Misconceptions Pre- and Post-Instruction from Student Interviews (n = 7) 
Concepts Misconception 
Total Number of Students 
Pre Post Pre Post Δ 
Electron 
 Behavior 
Electrons are particles moving in space 5 2 
5 2 3 fewer Electron spin is a physical movement 1 0 
Atomic 
Structure 
Full outer shells are more stable 1 1 
3 1 2 fewer Energy determines distances of 
electrons from the nucleus 3 1 
Covalent 
Bonding 
Bonding electrons remain between 
atoms 3 1 
7 5 2 fewer 
Bonding electrons more around the 
molecule in set paths 1 0 
Bonding electrons move between 
overlapping clouds 3 2 
Double bonds contain four electrons 
that remain between nuclei (same as 
single bonds) 
5 2 
Bonds have higher energy than single 
atoms 1 0 
Atoms bond because they "want" to fill 
their outer shell 4 2 
Non-bonding electrons want to bond or 
be donated to other atoms 0 1 
Molecular 
Geometry 
Molecular geometry is caused by bond 
Polarity 0 1 
4 5 1 more 
Water and Carbon Dioxide have the 
same shape 2 0 
Lone pairs repel bonds, causing 
molecular shape 2 4 
Students counted as having misconceptions during pre- and/or post-instruction 
interviews demonstrated one or more in the corresponding concept category.  
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 Students used different visual representations when describing misconceptions 
during both pre- and post-instructional interviews.  Table 4.16 shows the number of 
students who used each visual representation while describing misconceptions. 
 
Table 4.16 
Visual Representations used by Students while Describing Misconceptions during Pre- 
and Post-Instructional Interviews (n = 7) 
Visual Representations Used While Demonstrating 
Misconceptions 
Total number of 
students 
Pre Post 
Lewis Structure 5 6 
Bohr Model 4 1 
Cloud Drawing with Electron Particles (spherical) 3 2 
Cloud Drawing with Electron Particles (amorphous) 2 0 
Ball and Stick 2 0 
Box Diagram 1 0 
Electron Dispersion 0 1 
Molecular Orbital Drawing 0 1 
Orbital 0 1 
 
 The two visual representations that were used by the most students while 
demonstrating misconceptions were the Bohr Model and Lewis Structure.  Before 
instruction, the Bohr Model was most commonly used by students when inaccurately 
describing electron behavior, where as Lewis Structures were used most often when 
inaccurately describing bonding and molecular geometry. After instruction, only one 
student continued to use the Bohr Model inaccurately, while six students used Lewis 
Structures when demonstrating misconceptions.  
 The use of the cloud representations was also associated with misconceptions 
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during this phase.  Both students who used the amorphous cloud representation, and three 
of the five students who used the spherical cloud representation, did so while 
demonstrating misconceptions during pre-instructional interviews.  Even for those 
students who stopped using cloud drawings, the associated misconceptions perpetuated 
after instruction with the use of different representations.  One student substituted the 
orbital drawings for spherical cloud drawings, another changed from amorphous to 
spherical descriptions of the cloud visual, and one student started use of the spherical 
cloud without having used it before.  
 Table 4.17 compares the final grades of the seven student participants to their use 
of visual representations during interviews.  Those three students (Students F, G, and H) 
who used the fewest visual representations (five or less) also had lower than average 
course grades.  The student with the lowest grade (Student H) also used fewer visual 
representations during their post-instruction interview than before.  
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Table 4.17:  
Student Interview Participants’ Final Course Grades and use of Visual Representations 
(n = 7) 
 S
tu
de
nt
 
Final Course 
Grade 
Interview Visual 
Representations 
Pre Post Δ  
A A 5 8 3 
J A - 7 9 2 
C A - 2 8 6 
E B - 3 8 5 
F C + 1 3 2 
G C 2 5 3 
H C 6 5 -1 
 
 Table 4.18 compares the seven student participants’ workbook completion 
percentages to their conceptual change score (from their interviews) and their content 
knowledge gain score on the concept survey.  The two students (Students F and H) with 
lower than average workbook completion levels also had lower conceptual change scores 
than the other five students and lower than average content knowledge gain scores.  
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Table 4.18:  
Student Interview Participants’ Workbook Completion Percentages, Conceptual Change 
Scores, and Content Knowledge Gain Scores (n = 7) 
 S
tu
de
nt
 
Workbook 
Completion 
Conceptual 
Change 
Score 
Concept Survey 
Pre Post CKG 
A 99% +27 7 12 0.63 
E 78% +23 3 8 0.42 
J 74% +20 9 11 0.33 
G 64% +17 3 10 0.58 
C 51% +17 7 11 0.50 
F 20% +5 7 7 0.00 
H 0% +7 5 7 0.20 
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CHAPTER FIVE: DISCUSSION AND CONCLUSION 
 This study investigated the use of visual representations in a general chemistry 
course and their impact on conceptual change in three distinct phases (Figure 1.1).  In 
phase one, students’ conceptual change and the retention of misconceptions through the 
use of visual representations was studied.  By identifying these aspects of student 
learning, these results were used as the foundation for the development of the 
intervention workbook during phase two.  In phase three, the effectiveness of the 
intervention workbook was evaluated.  
 
Figure 1.1: Research Design Structure 
 The research questions for this study were: 
1) How do students in college general chemistry courses use visual representations for 
modeling atomic and molecular structure? 
a. What visual representations do students use (without prompting) to describe 
and explain atomic and molecular structure during pre- and post-instructional 
interviews?   
	  
	   Phase 1: Fall Semester –  No Intervention 
Phase 3: Summer Term – 
Implementation of Intervention 
Workbook 
Phase 2: Intervention 
Workbook Creation 
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b. Are the visual representations students use derived from those taught during 
instruction? 
c. As identified in the interviews, what associations can be inferred between 
student misconceptions and the use of visual representations? 
 
2) What is the effect of the intervention on students’ use (without prompting) of visual 
representations to address previously identified misconceptions about atomic and 
molecular structure?  
a. Is there a correlation between the level of completion of the intervention and 
the performance on a concept survey designed to elicit student 
misconceptions? 
b. What visual representations do students use to describe and explain atomic 
and molecular structure during pre- and post-intervention interviews?   
c. Are the visual representations the students use derived from those addressed 
in the intervention? 
d. As identified in the interviews, what associations can be inferred between 
student misconceptions and the use of visual representations? 
 
 The conclusions drawn from this study are summarized in the following five 
points: 
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I. Prior to taking the college general chemistry course, students used few visual 
representations when reasoning about atomic and molecular structure and 
showed a strong reliance on only the Bohr Model and Lewis Structures.   
II. Reliance on only the Bohr Model and Lewis Structures was not fruitful for 
reasoning about atomic and molecular structure.    
III. Misconceptions about atomic and molecular structure were supported by the 
reliance on only the Bohr Model and Lewis Structures. 
IV. Students who used multiple visual representations when describing atomic 
and molecular structure had fewer misconceptions. 
V. Practicing visual modeling skills with multiple visual representations for 
atomic and molecular structure through the use of the intervention workbook 
improved student reasoning in chemistry.  
 
These five findings will be discussed in the following sections with respect to the 
research questions. 
 
5.1 Discussion of Research Question 1: Phase One - No Intervention Workbook 
 RQ1: How do students in college general chemistry courses use visual 
representations for modeling atomic and molecular structure? 
 The following sections address the first research question through a discussion of 
results supporting the five conclusions listed above.  
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I. Prior to taking the college general chemistry course, students used few visual 
representations when reasoning about atomic and molecular structure and showed a 
strong reliance on only the Bohr Model and Lewis Structures. 
 During pre-instructional interviews, each student used an average of only 3.07 
different visual representations when describing atomic and molecular structure (Table 
4.7), the most abundant of which were the Bohr Model and Lewis Structures. Because 
these visual tools are common in general chemistry textbooks and instructional materials, 
it can be inferred that students learned to use these representations from classes taken 
prior to this study  (Harrison & Treagust, 1996).   
 
II. Reliance on only the Bohr Model and Lewis Structures was not fruitful for reasoning 
about atomic and molecular structure.  
 Dependence on memorizing over-simplified and concrete visual representations 
such as the Bohr Model and Lewis Structures did not provide students with a way to 
represent abstract concepts.  Without the ability to represent underlying physical 
phenomena behind these concepts, several students were unable to reason about atomic 
and molecular structure during interviews. 
 
“I don't know, chemistry is very confusing to me compared to other subjects. I can’t 
grasp why things happen, which is very frustrating for me.” (Student RF13 Pre) 
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“I mean it’s hard describing a lot of these things because I don't understand why.” 
(Student RF13 Pre) 
 
“I … my problem … honestly, chemistry is the worst subject for me to explain 
because I barely even understand what’s going on […] honestly I’ve memorized it.” 
(Student HF13 Pre) 
 
III. Misconceptions about atomic and molecular structure were supported by the reliance 
on only the Bohr Model and Lewis Structures.  
 Based on the findings of this study, when students did not know how to use visual 
tools appropriately they interpreted these representations literally, resulting in the 
description of quantum concepts as classical ones. During pre-instructional interviews, 
this was seen with the use of the Bohr Model and Lewis Structures to describe 
misconceptions about atomic and molecular structure.    
 Prior to instruction, all but one student used the Bohr model in their description of 
atomic and molecular structure (Table 4.2).  All fourteen students also used the Bohr 
model to describe misconceptions, most often when describing electron behavior (Table 
4.6).  The following quote is an example of the misuse of “electron shells” and the Bohr 
Model for describing electron behavior from a student who only used two visual 
representations when describing atomic structure prior to instruction.   
 
“A shell I guess would be a symbolic term for different like layers of that electron 
cloud, layers as in like distances away form the center, so I did think like the solar 
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system, with the sun being in the center and then you know each one is a different 
levels, but they’re all kind of moving around it.” (Student KF13 Pre) 
 
 Prior to instruction, 14 students used Lewis Structures to inaccurately describe 
covalent bonding and molecular geometry.  The following quote is an example of the 
misuse of Lewis Structures for describing covalent bonding from a student who only used 
three visual representations when describing molecular structure prior to instruction. 
 
“Well when I think about the difference between double bonds and single bonds, just 
the number of electrons actually holding these two together kind of.” (Student JF13 
Pre) 
 
This result indicates that students did not learn the limitations of either representation, 
were unable to support their use with different visual tools.  
 To help students connect abstract ideas to concrete concepts, analogies are often 
used during instruction (Clement, 1990).  A common analogy for teaching about electron 
behavior is the “electron cloud”.   However, when students relied on only the Bohr model 
and Lewis Structure representations during instruction, they were found to misinterpret 
and misrepresent the electron cloud analogy.  This was seen through the creation and 
description of “cloud drawings with electron particles”.  Two exemplary quotes show 
students using the Bohr Model to describe the electron cloud analogy despite 
contradictory conceptions.  
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 “I used to think that [electrons] were in orbit around the [atom].  But that’s not 
actually right.  There’s a big electron cloud where the nucleus is, and there’s random 
electrons inside of it.” (Student LF13 Pre) 
 
 “And this is the electron cloud that it is actually what it is instead of like electrons 
like in the circle are rotating around […] They’re just like electrons buzzing around 
on the outside of the atom. Like I imagine like sort of like a crystal ball, when you 
shake it and the glitters float around, that’s what it feels like.” (Student HF13 Pre) 
 
 These quotes show students acknowledging the limitations of the Bohr Model, but 
continuing to describe electron behavior inaccurately using misrepresentations of the 
Bohr Model and cloud analogy through these drawings.  Students therefore rejected new 
information such as this analogy or other visual representations, resulting in the 
misconception that electrons act as classical particles.  Similarly, the misconceptions that 
students demonstrated before and after instruction were most commonly associated with 
the use of the Bohr Model, Lewis Structures, and cloud drawings (Table 4.6). 
 
IV. Students who used multiple visual representations when describing atomic and 
molecular structure had fewer misconceptions. 
 One aspect of expert modeling emphasized in classroom teaching is the use of 
multiple representations for a single topic (Harrison & Treagust, 1996).  The results from 
phase one of this study showed that those students who were able to develop visual 
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modeling skills such as the use of multiple visuals and understanding of the inherent 
limitations of those representations had fewer misconceptions about atomic and 
molecular structure.  As seen in Table 4.7, the average number of visual representations 
used by each student during interviews increased after instruction.  In addition, the 
number of misconceptions held by each student also decreased (Table 4.5 and Table 4.7).  
These results emphasize the need for students to use and understand multiple visuals to 
represent multifaceted abstract concepts.  
  
5.2 Discussion of Research Question 2: Phase Three – Evaluation of the Intervention 
Workbook 
 RQ 2:  What is the effect of the intervention workbook on students’ use (without 
prompting) of visual representations to address previously identified misconceptions 
about atomic and molecular structure?  
 While those students who used more visual representations tended to have fewer 
misconceptions, some students used newly learned visual representations to perpetuate 
misconceptions (Table 4.6).  This suggests that simply using more visual representations 
is not sufficient, but that students need to learn appropriate use of visual tools during 
instruction, such as understanding the inherent limitations of different representations 
(Brown & Clement, 1992).   These conclusions were the foundation for the intervention 
workbook designed in phase two, and the means of evaluation in phase three. 
 The overall objective of the intervention workbook was to supplement instruction 
by teaching students visual modeling skills outside of class.  The visuals used in this 
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intervention workbook were also used during instruction and expected to support student 
learning of abstract topics.  These desired skills were the objectives of the intervention 
workbook to support modeling skill development for all students.  
 
V. Practicing visual modeling skills with multiple visual representations for atomic and 
molecular structure through the use of the intervention workbook improved student 
reasoning in chemistry.  
 A positive correlation was found between the content knowledge gain and 
workbook completion levels of the 34 students (R = 0.348, p<0.05, (one-tailed)).  This 
indicates that students who completed more of the workbook had a greater change in 
conceptual understanding over the course of instruction.  It is important to note that the 
intervention workbooks were scored based on completion level, not accuracy, which 
speaks to the importance of students working through difficult concepts as an 
introduction and practice, not their ability to master content prior to lecture.  These results 
show that the intervention workbook was a successful means of supporting student 
conceptual change when used.  
 The subset of 11 students’ completion level and final grades showed a statistically 
significant positive correlation (R = 0.523, p<0.05, one-tailed) signifying that students 
who completed more of the intervention workbook tended to have higher grades in the 
course.  While this relationship indicates that higher achieving students may have been 
more likely to complete the intervention workbook, concept survey scores showed that 
the more students completed the intervention workbook, the greater their concept 
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knowledge gain irrespective of final grade. 
 
5.3 Discussion of Research Question 2: Phase Three - Insight into Individual 
Student use of the Intervention Workbook 
 Of the 34 students used to quantitatively evaluate the intervention workbook, 
seven completed pre and post-instructional interviews.  The seven students interviewed in 
phase three of this study showed similar use of visual representations and misconceptions 
prior to instruction as those in phase one (Tables 4.15, and 4.16), and their work provides 
preliminary insight into use of the intervention workbook and suggestions for future 
research. 
 Instruction during phase three of this study and the intervention workbook did not 
use the Bohr Model for teaching atomic and molecular structure.  Instead, there was an 
emphasis on the use of different representations, specifically wave diagrams, density 
graphs, orbital drawings, and energy diagrams.  Based on the findings in Table 4.15, the 
decreased use of the Bohr Model from may be associated with the decrease in 
misconceptions about electron behavior.  This further supports the inference that some 
misconceptions are associated with the use of specific visual representations.   
 In addition, the increased use of Lewis Structure (from five to seven students) 
may be associated with the small change in the number of students who showed 
misconceptions about molecular geometry.  While Lewis Structures were not used in the 
intervention workbook, there were no activities or visual tools provided to students as a 
replacement for describing molecular geometry, such as hybridization. 
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 Tables 4.17 and 4.18 provide a summary of how these students performed in the 
course.  The students with the greatest conceptual change showed similarities in their 
work during the course (Students A, E and J).   First, these three students completed over 
70% of the workbook activities, above the average for the class.  Second, these three 
students used a high number of visual representations after instruction compared to the 
other interview participants and those from phase one (fall average = 5.6 visuals).  Third, 
these students showed high to average content knowledge gain scores as compared to 
those in the class.  Fourth, these students had high to average overall grades.  
 Three students with the lowest conceptual change also showed similarities in their 
work during phase three of this study (Students G, H and F).  All three students had lower 
than average grades for the course and used five or less types of visual representations 
during post-instructional interviews.  Two students had lower than average workbook 
completion levels and lower than average content knowledge gains.  One showed an 
increase in the number of misconceptions.   
 Student C was an exception in this part of the study because this was the second 
time they had taken the course.  Repeating the course was not a matter of necessity or 
failure, but instead as a review for standardized exams for future graduate school plans.  
However, this student was included in this study because of their common 
misconceptions displayed during pre-instructional interviews.  As seen in Table 4.17, this 
student showed an increase in the number of misconceptions after instruction, but still 
had higher than average grades in the course. However, this student showed similar 
trends to those of higher conceptual change students, such as use of a high number of 
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visual representations and higher than average content knowledge gain.  
 
5.4 Increased Visual Representation Competence Skills  
 Overall, the shift in the different types and number of representations students 
used indicated a stronger development of visual modeling skills.  This development can 
be discussed through the application of Kozma and Russell’s (2005) description of 
competence levels as a means of skill development (Figure 5.1).  In this framework,  
 
Figure 5.1 Representational Competence Levels (Kozma & Russell, 2005)  
Kozma and Russell described the first two levels as based on direct observations of 
concrete experiences. For abstract topics such as atomic and molecular structure, direct 
observations are not possible.  This may explain why students at these skill levels used 
the Bohr Model and Lewis Structures inappropriately by describing electrons as 
observable, classical objects (Tables 4.5 and 4.15).  Students who interpreted the 
“electron cloud” analogy literally to create cloud drawings with electron particles can 
also be considered as having lower competency skill levels.  The association of visuals 
Level 1: Description of physical features based on 
direct observations 
 
Level 2: Limited use of symbols to show processes 
of direct observations (i.e. space and time) 
 
Level 3: Use of representations to infer about 
unobservable phenomena 
 
Level 4: Use of symbols to reason about 
unobservable phenomena 
 
Level 5: Making connections between direct 
observations and underlying phenomena 
	  
	  	  
99 
with misconceptions may be a result of the students having low representational 
competency levels and thus was a motivating factor for the creation of the intervention 
workbook.  
 Kozma and Russell’s (2005) third competency level was based on the appropriate 
use of visual tools to represent the physical phenomena that govern the topics of atomic 
and molecular structure.  The visual tools taught during this general chemistry course 
were designed to teach students about the quantum concepts, thus requiring students to be 
at this level of skill development.  Students at this third level would therefore be able to 
understand the rules required to reason with many of these visual tools, and the limitation 
of their use for specific topics.  For example, accurate use of energy diagrams or 
waveforms allow students to discuss the energy of an electron within an atom 
symbolically, without describing superficial surface features.  Based on the results found 
in phase three of this study, the increased use of these visual representations by students, 
and the overall decrease in the number of misconceptions, leads to the conclusion that 
students were able to increase their competence levels through the development of skills 
for atomic and molecular structure.  Because the intervention workbook was designed to 
provide this introductory level of skills for students, these results suggest that it was 
successful in doing so.  
 Levels four and five of representational competence requires a more sophisticated 
use of the visual tools by students (Kozma & Russell, 2005).  Some visual tools taught 
during this general chemistry course required this higher level of skill development.  For 
example, the use of molecular orbital drawings in conjunction with correlation diagrams 
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to explain why some molecules, like H2, are naturally abundant while others, like He2, are 
not requires this level of competency.  An increased use in these two representations, and 
the decrease in misconception that He2 forms naturally, showed that some students were 
able to reach this higher level for describing topics of atomic and molecular structure.  
Intervention workbook activities on molecular structure used the combination of different 
visual representations such as these.  Increased student development of skills again 
suggests the overall success of the intervention workbook for those students who used it.  
 
5.5 Implications for Teaching 
 The results and evaluation of the intervention workbook in this study suggest 
important implications for teaching abstract topics such as atomic and molecular 
structure.   
• First, due to students’ natural tendency to describe atomic and molecular structure 
through the use of visuals, it is important to teach students representational 
modeling skills along with the instruction of common visual tools.  By teaching 
students individual aspects of visual tool use, the designed intervention workbook 
provided a new means for supporting instruction in this way.  
• Second, the use of visual tools associated with misconceptions should be weaned 
out of instruction, with the supplementation of new visual tools in their places.  In 
the case of the Bohr Model, emphasis on wave properties and quantized energy of 
electrons was shown to be useful in supporting student use of alternative visual 
tools when learning about atomic structure.  This is because while Lewis 
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Structures are helpful in keeping track of valence electrons and bond type, they do 
not provide information on bond energy or molecular structure.  
• Third, it is not enough to present students with alternative visual tools, but the 
limitations and appropriate use of these tools must also be taught.  Students 
should be taught additional tools to represent bonding and molecular geometry to 
reduce their reliance on Lewis Structures. 
 
5.6 Suggestions for Future Research 
 The findings of this study show the importance of teaching students visual 
representational skills in conjunction with abstract topics such as atomic and molecular 
structure.  Future research can build on these findings by looking at the role of computer 
simulations and the analogies in conjunction with visual tools to develop these skills. 
 
 Student use of computer simulations for learning atomic and molecular structure.  
During phase three of this study, the use of computer simulations was used as a means of 
teaching students how to use visual tools while learning about atomic and molecular 
structure as part of the intervention workbook.  However, the differences between the 
dynamic applets and static visuals were not distinguishable in this work.  Future research 
should focus on student control of computer simulations and their effect on supporting 
conceptual understanding these abstract concepts and dynamic processes.  Future 
research questions might include:  
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(1) How can dynamic simulations help students understand the wave nature of 
electrons in atomic structure? 
(2) How can online applets help students use multiple visual models in learning 
quantum concepts in chemistry? 
(3) Is there a difference between students’ cognitive processes when using dynamic 
simulations and their use of static visual tools?  These questions should be applied to 
students who are first investigating abstract concepts and processes, generally at the 
high school or undergraduate level.  
 
 Student use of analogies while learning atomic and molecular structure. Along 
with the use of visual representations for teaching abstract concepts, the use of analogies 
has also played an important role (Clement, 1990).  During the analysis of data in this 
study, student use of analogies showed both positive and negative results.  In some cases, 
these analogies aided student reasoning, while in others they promoted the retention of 
misconceptions such as the electron cloud analogy.  Based on the commonality of 
analogies in science education and the research literature (Clement, 1990), the use of 
analogies in general chemistry should also be investigated.  Future research may include:  
(1) How are analogies used in teaching? 
(2) How are students using analogies in problem solving or reasoning? 
(3) What misconceptions may be connected to the use of analogies? 
(4) What problems do analogies pose for future learning?  
In addition to better understand the use of analogies, this research would help investigate 
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the larger question of how students create mental models of abstract concepts 
(Nersessian, 1999).  
 
5.7 Conclusion 
This suggests that when visual modeling with multiple representations is taught, 
along with the limitations of the representations, it can assist students in the development 
of models for reasoning about abstract topics such as atomic and molecular structure. 
There is further gain if students’ difficulties with these representations are targeted 
through the use additional instruction such as a workbook that requires the students to 
exercise their visual modeling skills. 
Expert visual representational skills, such as the use of visual representations, used to 
teach atomic and molecular structure are helpful in supporting student learning.  
However, it is not enough to teach with visual tools; students must be taught (1) how to 
use visual representations appropriately, (2) the importance of using multiple 
representations together, and (3) the inherent limitations of their individual use.  This 
study finds that as students developed greater command of their understanding of abstract 
quantum concepts, they spontaneously provided additional representations to describe 
their more sophisticated models of atomic and molecular structure during interviews. 
This study investigated the association between misconceptions and use of visual 
representations, and student visual modeling skill development in three distinct phases 
(Figure 1.1).  
 In phase one of this study it was seen that prior to taking the college general 
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chemistry course, students used few visual representations when reasoning about atomic 
and molecular structure. These students also showed a strong reliance on the Bohr Model 
and Lewis Structures.  In the absence of other visual representations, reliance on these 
representations was insufficient for reasoning about atomic and molecular structure 
because students could not formulate abstract concepts for themselves.  Misconceptions 
about atomic and molecular structure were therefore supported by the reliance on the 
Bohr Model and Lewis Structures.  After instruction, students who developed higher 
levels of visual modeling skills used multiple representations when describing atomic and 
molecular structure and had fewer misconceptions. 
 In phase two, an intervention workbook was created based on student learning 
difficulties and the required visual modeling skills needed to reason about atomic and 
molecular structure.  The learning objectives of the intervention workbook included 
teaching students how to use visual tools, the limitations of these tools, and the 
importance of using multiple representations for certain concepts.  The methodology of 
the intervention workbook included the presentation of information one idea at a time, the 
process of providing students with explanations and worked examples before asking them 
to complete practice problems and think more broadly about concepts, and implemented 
as bridges between lectures to help students gain foundational information prior to 
instruction.  
 In phase three, the intervention workbook was successful in its effectiveness for 
teaching visual representational skills along with the introduction of visual tools in a 
particular undergraduate general chemistry course.  While visual representational skill 
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development increased during phase three with the use of the intervention workbook, 
misconceptions about atomic and molecular structure were still present.  This further 
shows the robustness of these ideas and a need for future understanding of how to support 
conceptual change. 
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APPENDIX A: FALL COURSE SYLLABUS (PHASE ONE) 
 
Fall Syllabus 
We have designed the course as an introduction to general chemistry that integrates 
laboratory explorations with the development of the analytical tools necessary to 
understand and guide those explorations. Some particular aspects that we will emphasize 
are 
• mathematics as a tool for the exposition and manipulation of chemical concepts 
• the connection between microscopic models of matter and its macroscopic 
properties 
• the connections between applications from pure and applied research and from 
technology to chemistry 
Our goal is to help you share in our excitement for and the wonder of science, to 
challenge you to excel, to give you a sense of empowerment about science, and to 
encourage you to continue study in science—and hopefully chemistry. We intend to 
focus especially on what are the core ideas of chemistry. 
Lecture: 
In the first semester we cover Mahaffy et al., chapters 1 through 8 and chapters 10 and 
11. There are 39 MWF lectures and the schedule below refers to these lecture numbers. 
The lecture numbers are displayed on the course schedule here. 
Mahaffy et al., chapter and notes Start date MWF lectures 
1. Human activity, chemical reactivity Do on your own  
before first lecture 
2. Building blocks of materials XXXX First class 1, 2 and 3 
3. Models of structure to explain properties W, Sept 
11 
4, 5, 6, 7 
and 8 
4. Carbon compounds XXXX M, Sept 23 
9 
5. Chemical reaction, chemical equations W, Sept 25 10 and 11 
6. Chemistry of water, chemistry in water M, Sept 30 
12 through 
22 
7. Chemical reactions and energy flows 
Internal energy change versus enthalpy change, PDF, 7 
pages, XXXX 
F, Oct 25 23 through 29 
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8. Modelling atoms and their electrons 
spectroscopy and energy of light, PDF, 3 pages, XXXX 
Glossary of electron waves in atoms, PDF, 1 page, XXXX 
Shielding in Li 1s 2 2s and Li 1s 2 2p, PDF, 17 
pages, XXXX 
  30 through 33 
10. Modelling bonding in molecules  
Bonding in diatomic molecules, PDF, 30 pages, XXXX 
Hybrid AO's and polyatomic MO's, PDF, 39 pages, XXXX 
  34 through 41 
Laboratory: 
The laboratory part of the course will let you see first-hand chemical principles and 
processes in action. It will also give you experience with some of the methods scientists 
use to do chemical research. Your laboratory will consist of the following. 
1. Measurement of atoms and molecules in solids, liquids and gases. You will 
find the size of atoms and molecules in experiments with solids, liquids and gases. 
You will also produce a film of oleic acid, which is only one molecule thick and 
measure the length of this molecule. Finally, you will determine the experimental 
value of the number of molecules in one mole of anything - Avogadro's number. 
2. Chemical composition of inorganic salts. By investigating the behavior of 
different hydrates you will explore the law of fixed chemical composition. You 
will see that chemical changes can be reversed and learn how to distinguish 
chemical substances from physical mixtures. You will also develop the laboratory 
analysis technique, which allows you to determine in the experiment the 
molecular formula of the investigated substance and the yield of chemical 
reactions. 
3. Preparation of solutions. This lab experiment will give you an important 
experience in solutions' preparation using different laboratory techniques: 
dissolution, dilution and mixing. You will also learn how to use spectroscopic 
measurements for the concentration control in solutions. 
4. Qualitative analysis (2 period lab). In the Qualitative Analysis experiment you 
will investigate various types of chemical reactions (precipitation, acid-base 
interaction and complexation) and consider their powerful experimental 
application for chemical separation and analysis of different ions in a mixture. 
5. Chemical thermodynamics: calorimetry (2 period lab). An experimental 
method called "calorimetry" will be used to study heat effects that accompany 
physical changes and chemical reactions. 
6. Lecture workshop on spectroscopy. The goal of this workshop is to use 
spectroscopic measurements to experimentally determine the relationship between 
the color, frequency and the wavelength of light. In a series of additional 
experiments with LEDs the relationship between the energy of a quantum of light 
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and its frequency will be revealed and the value of Planck's constant 
experimentally determined. 
7. Lewis structures and Molecular shapes. Using general concept of Lewis 
structures and VSEPR method, 3-D shapes of real molecules and their dipole 
moments will be determined. The lab time will be used to help you in mastering 
your skills at deducing Lewis structures and became acquainted with various 
molecular geometries. 
Grading: 
Your scores for each part of the course will always be available to you on Blackboard, 
XXXX Also you will find there the running total of your overall course score, computed 
as described below. You may use this to compare your performance to the class average. 
We do not assign letter grades to exams, labs or quizzes. Your course grade will be 
determined based on your overall course score. This score is determined as follows: 
Contributions to overall course score 
  CH101 CH103 
Lecture exams 30% 37.50% 
Final exam 15% 18.75% 
Laboratory 20% 0% 
Lecture quizzes 10% 12.50% 
Discussion quizzes 10% 12.50% 
ALEKS mastery 10% 12.50% 
OWL (online homework) 5% 6.25% 
For CH101 students, the lab score counts for 20% of your course grade. The various 
components of the lab will be graded as follows: The lab experiments (30 points for each 
lab period), lab quizzes (10 points each), pre-lab lecture quizzes (5 points each), and the 
lab exam (60 points). Lab quizzes are given at the beginning of each lab to check your 
familiarity with the basic features of the lab to be done. 
No makeup quizzes will be given. A missed lab counts as zero. The lowest lab score for 
one period lab experiment will be dropped. The missed two lab period experiment can be 
made up at the make up lab week at the end of the semester. If, due to unusual 
circumstances, such as prolonged illness, you miss more than one lab, please contact 
XXXX as soon as possible so that special arrangements can be made to catch up with 
your work. 
CH103 (lecture-only) students will graded based on their relative score for the lecture-
only part of the course: Lecture exams count as 30/80 * 100% = 37.50%, the final exam 
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as 15/80 * 100% = 18.75%, lecture quizzes as 10/80 * 100% = 12.50%, discussion 
quizzes as 10/80 * 100% = 12.50%, ALEKS as 10/80 * 100% = 12.50%, and OWL as 
5/80 * 100% = 6.25%. 
There are no fixed percentages of A grades, B grades, etc. Rather, we assign course letter 
grades based on our assessment of how someone should have performed to receive an A, 
B, etc. Based on past experience, it is likely that the average grade in the course will be 
in the C+ range. 
Required Course Materials: 
The text package for this course is based on a custom edition of the Canadian text 
Mahaffy et al., Chemistry: Human Activity, Chemical Reactivity custom edition. The 
package consists of (1) the custom edition of the longer Canadian text and (2) OWL 
online homework and activities. There are three options to buy this text package, listed in 
order of increasing cost. 
Option 1, XXXX: This option must be purchased online directly from the publisher and 
includes the online version of the text only and access to OWL online homework and 
activities; it does not include a physical copy of the text. To purchase this option, go to 
XXXX Should you also want a printed copy of the text, it is available used in various 
places; the ISBN of the printed text is XXXX 
Option 2: XXXX This is the same online-only option listed above (again, with no 
physcial copy of the text) purchased from the XXXX 
Option 3: $180: This option includes the printed version of the text in additional to the 
online materials listed above. It must be purchased from the XXXX. Return policy: All 
returns to the bookstore for refund after September xx, 2013 will require proof of 
withdrawal from the course. For OWL, once it has been used, it may not be returned or 
exchanged. You may use OWL free for 2 weeks as described here, and so we recommend 
you use the OWL trial while you are deciding if you want to attend CH101 Fall 2013. 
In addition to the text package above, the following seven items are required 
1. ALEKS General Chemistry online personal tutoring. The cost is XXXX and is to 
be purchased as part of your pre-course preparatory work, as described at 
the General Chemistry Advising website site 
2. The Turning Technologies ResponseCard RF Keypad may may be purchased 
online using the XXXX school code XXXX for XXXX shipping, or from XXXX 
3. Golger, General Chemistry CH101 Laboratory Manual, (Hayden McNeil 
Publishing, 2013, ISBN 978-0-7380-6247-1).  
4. laboratory notebook, Hayden McNeil Publishing  
5. approved safety goggles, item #9301, also required in organic chemistry  
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6. laboratory coat, also required in organic chemistry 
7. A lock to secure you belongings in the locker when in the laboratory 
8.  
Be aware that it is a Massachusetts State Law that safety goggles are mandatory in 
the laboratory. In the lab, all students who wear contact lenses should wear prescription 
glasses under their safety goggles. Contact lenses are forbidden in the lab. Also, all 
students must wear the appropriate clothing: long pants, long sleeves and closed shoes 
(no sandals or flip-flops).  
You are also required to have your own calculator for this course. It should display 
scientific (exponential) notation and have logarithm functions. Be sure to bring it to 
discussions and laboratory sessions. 
Note, however, calculators may not be used during exams and quizzes. Early in the 
course we will train you to be comfortable doing exam and quiz calculations without 
calculational aids. 
Course schedule 
The course consists of five required components: 
• lecture, 
• discussion, 
• pre-lab lecture, 
• lab, and 
• test sessions, Mondays 5–7pm. Note: The 5–7 pm Monday time is a required 
meeting time. It will be used frequently in addition to the 3 lecture exams (see 
below). For this reason, you must not schedule other activities during this 
time. 
There are three hours of lecture meetings each week, and these lecture meetings are held 
in SCI/109 at four alternative times: 
• CH101 A1, Professor XXXX: Monday, Wednesday and Friday, 9–9:50 am 
• CH101 A2, Dr. XXXX: Monday, Wednesday and Friday, 11–11:50 am 
• CH101 A3, Professor XXXX: Tuesday and Thursday, 5–6:20 pm 
• CH101 A4, Professor XXXX: Monday, Wednesday and Friday, 4–4:50 pm 
You are required to attend your assigned lecture meeting. 
There is a one-hour discussion each week, on Thursday or Friday. Discussions meet 
starting Thursday, September 5. There is one three-hour laboratory each week. 
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There will also be a laboratory lecture, on Wednesday–Friday. These laboratory 
lectures are: Wednesday 2–3 pm, Thursday 11 am–12 noon and Friday 2–3 pm, all in 
XXXX. Pre-Lab lectures begin the second week of the semester. The first laboratory 
lecture is on Wednesday, September 11. You are required to attend your assigned pre-
lab lecture meeting. 
Labs begin the third week of the semester on Monday, September 16th. You are 
required to attend your assigned lab. 
The Monday 5–7 pm sessions are used for diagnostic tests, lab post tests, and lecture 
exams. 
If you have not yet registered for all of the five components of the course, please do so 
right away. All grade records are based on the registrar information, so we require that 
you be officially registered and that you attend the corresponding lecture, discussion 
and lab. 
Exams and Quizzes: 
There will be three lecture exams, a lab exam and a course final exam as follows: 
• Lecture exams: Mondays, September 30, October 28, and November 25; all 
exams are 5:15–7 pm in locations to be announced beforehand. 
• Lecture quizzes: Every lecture, based on your preparation of material to be 
covered in the lecture 
• Pre-Lab lecture quizzes: Every lecture, based on your preparation of material to 
be covered in the lecture and the previously performed CH101 labs. If you are 
absent, the missed quiz counts as 0. 
• Discussion quizzes: A missed quiz counts as 0. 
• Lab exam: Monday, December 9, 5:15–7 pm in locations to be announced 
beforehand. 
• Final exam: Monday, December 16, 5–7 pm 
Exams are given only at the scheduled time. A missed exam counts as 0. In particular, 
please note the following: 
• The third lecture exam, Monday, November 25, 5:15–7 pm, occurs two days 
before Thanksgiving recess. It will not be given at any other time and failure to 
take the third lecture exam will result in a 0 for that exam, so please make your 
Thanksgiving recess travel plans accordingly. 
• The final exam, Monday, December 16, 5–7 pm, will not be given at any other 
time and failure to take the final exam will result in a 0 for that exam, so please 
make end-of-semester travel plans accordingly. 
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Quizzes will be given during each lecture. These quizzes are meant to assess your 
preparation for the material to be covered that day in lecture. If you are absent, the 
missed quizzes count as 0. No makeup quizzes will be given. The lecture quizzes count 
for a total of 10% of your course grade. 
Unannounced quizzes will be given in discussion. Each discussion quiz will count 
equally. These quizzes are meant to assess your understanding of topics covered in 
previous lectures and homework. If you are absent, the missed quiz counts as 0. No 
makeup quizzes will be given. The discussion quizzes count for a total of 10% of your 
course grade. 
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APPENDIX B: FALL STUDENT RECRUITMENT SCRIPT AND EMAIL 
 
Recruitment Scripts By Principal Investigator  
 
Hello, my name is Emily Allen, and I am a doctoral fellow in the XXXX School of 
Education.  We are conducting a study to better understand how students learn abstract 
concepts in their introductory science courses.  As students who are enrolled in CH 101 
this term, we are interested in speaking with you to learn more about how you view some 
of the scientific concepts you will cover in class. We would like to conduct interviews 
with some of you and collect examples of your work.  To participate in our study students 
must be at least 18 years old.  For the interviews, we are looking for 15 students to agree 
to participate in two 45 – 60 minute interviews where we will ask you about how you 
think about various scientific properties. Of those students who volunteer, 15 will be 
randomly selected to participate in the interviews.  These interviews will be kept 
anonymous and will have no impact on your status or grade in the class.  
 
Students who are interviewed will receive a $10 gift card for the first interview, and an 
additional $15 gift card for the second interview.  
 
For the second part of this study, I am asking for all students to agree to allow me to 
review copies of their homework and in-class assignments.  The copies made of your 
course work will be kept anonymous and my review of it will have no impact on your 
status or grade in the class.  
 
If you are interested in volunteering to be interviewed, we have copies of a consent form 
that we ask you to review. Copies will be passed out to all students. If after reviewing the 
consent form you remain interested, please either speak to me directly or leave the 
informed consent from with the professor. I will be here at the end of class today and at 
the end of the next class to speak with any interested students. 
 
If you are willing to allow us to collect some of your coursework, we have copies of 
another consent form that we ask you to review. Copies will be passed out to all students. 
If after reviewing this second consent form you are willing that we make anonymous 
copies of your course work, please sign the consent form and return it either to me or to 
your instructor. I will be here at the end of class today and at the end of the next class to 
answer any questions you may have about this collection of course work. 
 
Your instructor will be sending everyone in the class an email from me about these 
requests.  
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Informational Email to be sent by instructor to all students in the class 
 
Today in class you were asked about your willingness to participate in a study about how 
students learn chemistry concepts.  
 
Each consent form you received in class contains a description of our study, a description 
of what your commitment is if you give us consent, and the protocol we will observe to 
keep your information confidential.   
 
Please take the time to read this information before deciding whether to participate in the 
study.   
 
If you are interested in participating in an interview, please email me, Emily Allen 
(XXXX) so that if you are selected a time can be arranged, or hand in your signed 
consent form to me at the beginning of your next class session. 
 
If you are willing to let us review some of your course work which you ordinarily provide 
your instructor, please sign the consent form for this and return it to me. 
 
Agreeing to be interviewed and agreeing to permit copying of coursework are 
independent of each other. You can agree to both, one of the two, or neither. Your 
decisions will have no impact on your grade or your status in the course. 
 
Thank you for your time and attention. 
 
Sincerely,  
 
Emily Allen (XXXX) 
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APPENDIX C: FALL STUDENT INTERVIEW CONSENT FORM 
 
Informed Consent form for CH 101 General Chemistry:  Student Interviews 
 
Introduction 
Please read this form carefully.  The purpose of this form is to provide you with 
important information about taking part in a research study.  This form may contain 
words that you do not understand.  Please ask the study staff to explain any words that 
you do not understand.  If you decide to take part in this research study we will ask you to 
sign this form and provide you with a copy of this form for your records. 
 
Purpose of the Study 
We are asking you to take part in this study because you are currently enrolled in CH101: 
General Chemistry, at XXXX. The purpose of this research is to study how students think 
about abstract concepts in chemistry.  The principal investigator of this study is a student 
of XXXX, School of Education, and this research is part of her dissertation work.  
 
Study Procedure 
Your participation in this study is completely voluntary, and will have no impact on your 
grade or status in the class. If you agree to participate in interviews, you may withdraw at 
any time without giving a reason. 
 
For this study, we are asking to for two interviews during the academic term.  The first 
will be at the beginning of the term and will be scheduled for one hour.  The second 
interview will take place at the end of the semester and will also be scheduled for one 
hour. The interview will be about how you think about scientific concepts related to your 
chemistry course.  During this interview, you may be asked to draw pictures and give 
descriptions about how you think about some of these concepts. 
 
Not all students who volunteer will be interviewed. We anticipate asking 15 students, 
randomly selected, to be interviewed. You will be contacted via e-mail by the researcher 
if you have been selected.  
 
Confidentiality 
Any identifiable information obtained in connection with this study will remain 
confidential and will be disclosed only with your permission or as required by law.  The 
members of the research team and the XXXX Institutional Review Board may access the 
data.  Information from this study and study records may be reviewed and photocopied 
by the institution and by regulators responsible for research oversight such as the Office 
of Human Research Protections, and the XXXX Institutional Review Board.  The IRB 
reviews and monitors research studies to protect the rights and welfare of research 
subjects. 
 
	  	  
116 
The interviews recordings will be stored in a password-protected file on a computer used 
solely by the principal investigator. Back-ups will be to a secure hard drive in a locked 
office.  The personal identifier code will be stored in a separate, password-protected file 
on the computer.  Only the PI, Ms. Allen, will have access to the database containing the 
personal identification code.  The data will be retained for at least three years after the 
completion of the study.  When the results of research are published or discussed in 
conferences, no identifiable information will be used.  
 
Payment for Participation in this Study 
We will be offering gift cards to students who participate in the interviews of this study.  
Students will chose between the following types of gift cards: Starbucks, Barnes and 
Nobel, iTunes, Panera, Amazon, Gap, Best Buy, or City Sports.  Those students who take 
the first interview will be given a $10 gift card at the beginning of the interview.  Those 
who partake in the second interview will be given an additional $15 gift card at the 
beginning of the interview.  
 
Investigator’s Contact Information 
If you have any questions or concerns, please contact Emily Allen (E-mail: XXXX; 
Phone: XXXX) or Professor Peter Garik (E-mail: XXXX; Phone: XXXX). 
 
Rights of Research Participant – IRB Contact Information 
You may obtain further information about your rights as a research subject by calling the 
XXXX CRC IRB Office at XXXX 
 
Statement of Consent  
I have read the information in this consent form including risks and possible benefits.  I have 
been given the chance to ask questions.  My questions have been answered to my 
satisfaction, and I agree to participate in the study.  I agree to participate in the two 
interviews for this study.  I have been given a copy of this form. 
I am 18 years of age or older 
______YES   ______NO 
Do you agree to let us audio record you during two interviews.  
______YES   ______NO 
 
SIGNATURE 
 
______________________________________ _____________________ 
Name of Subject Email address 
 
______________________________________ ____________________ 
Signature of Subject  Date 
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APPENDIX D: FALL AND SUMMER PRE-INSTRUCTION  
INTERVIEW PROTOCOL 
 
Student Pre-Instruction Interview Protocol 
 
Introductory Script 
I am interested in better understanding how both experts and novices (students) 
visualize complex and abstract scientific concepts.  I will be asking you a series of 
questions based on different scientific concepts.  For each of these concepts, I will ask 
you to picture in your mind how you think about these particular topics.  Then, I will ask 
you to explain that idea out loud.  In some cases, it may be easier to explain these ideas as 
you draw a picture.  If so, I have provided you with blank paper and a pencil so you may 
do so.  I will collect your drawings at the end of this interview. 
This interview should last about one hour, and you are welcome to ask me any 
questions you may have during the interview.  For the purpose of my research, this 
interview will be audio-recorded.  For the purposes of preserving confidentiality, I will 
not refer to you by name during this interview.   If at any point you wish to stop the 
interview or do not wish to answer a particular question, please feel free to do so.  Please 
remember that your participation in this interview will not affect your grade or status in 
your chemistry class. Moreover, you will receive the gift card regardless of completing 
the interview. 
 
Do you have any questions on how this interview will be conducted?  
 
Interview Questions 
 
1) Let’s talk about light and matter (atoms). 
a. What are the differences between light and matter? 
b. Are there any similarities? 
 
2) Now, let’s first focus on different types of atoms.   
c. Can you describe what you think a hydrogen atom looks like?   
d. Can you draw a picture of what you think a hydrogen atom looks like? 
e. Can you describe what you think a helium atom looks like? 
f. Can you draw a picture of what you think a helium atom looks like? 
g. Describe for me the difference between these two atoms (helium and hydrogen) 
 
(Probe for: electrons, protons, neutrons, nucleus, attraction, repulsion, coulomb’s force, 
electron clouds, waves, resonant frequency, orbitals, electron structure, quantum 
numbers, valence electrons, core electrons, energy levels) 
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3) Light and matter interact through absorption and emission.  When an atom absorbs 
light, the electrons are excited, and increase in energy.  When an atom emits light, the 
electrons release energy. 
a. Think about the helium atom you just described.  Can you use this to describe 
how a helium atom absorbs light? 
b. Can you draw a picture of what absorption might look like in the helium atom?   
c. Can you use this to describe how a helium atom emits light? 
d. Can you draw a picture of what emission might look like in the helium atom?   
 
4) Let’s look at a periodic table.   
a. What information does the periodic table give? 
b. Can you describe the arrangement of the periodic table? 
c. What makes hydrogen and helium different from each other based on the 
information from the periodic table?   
 
(Probe for: Atoms, elements, atomic mass, atomic number, periods, groups, atomic size, 
ionization energy, shielding, ionic charge) 
 
5) Now lets talk about bonding.  If two hydrogen atoms bonded together, they would 
create an H2 molecule.   
a. Can you describe how two hydrogen atoms bond together? 
b. Can you describe what you think it looks like when two hydrogen atoms bond 
together to form H2?  Can you draw a picture of what you think H2 looks like? 
c. Can you describe how two helium atoms bond together? 
d. Can you describe what you think it looks like when two helium atoms bond 
together to form He2?  Can you draw a picture of what you think He2 looks like? 
e. How is He2 different from H2? 
 
(Probe for: distances, energy, electron pairs, electron movement, bond strength, 
molecular orbitals) 
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APPENDIX E: FALL POST-INTERVIEW PROTOCOL 
 
Fall Student Post-Instruction Interview Protocol 
 
Introductory Script 
 
I am interested in better understanding how both experts and novices (students) 
visualize complex and abstract scientific concepts. First, I will be asking you to describe 
different atoms and molecules based on what you’ve learned this year. I will then ask you 
to complete a 10-question survey based on these concepts. For each question concept, I 
will ask you to picture in your mind how you think about these particular topics.  Then, I 
will ask you to explain that idea out loud.  In some cases, it may be easier to explain these 
ideas as you draw a picture.  If so, I have provided you with blank paper and a pencil so 
you may do so.  I will collect your drawings at the end of this interview. 
This interview should last about one hour to an hour and a half, and you are welcome 
to ask me any questions you may have during the interview.  For the purpose of my 
research, this interview will be audio-recorded.  For the purposes of preserving 
confidentiality, I will not refer to you by name during this interview.   If at any point you 
wish to stop the interview or do not wish to answer a particular question, please feel free 
to do so.  Please remember that your participation in this interview will not affect your 
grade or status in your chemistry class. Moreover, you will receive the gift card 
regardless of completing the interview. 
 
Do you have any questions on how this interview will be conducted?  
 
1) I am first going to ask you to describe and draw some sort of representation of several 
atoms.  For each one, please tell me specifically what has helped you from the fall 
semester in describing these atoms.   
 
(Hydrogen, Helium, Carbon) 
 
2) Next, I am going to ask you to describe and draw some sort of representation of 
several molecules.  For each one, please tell me specifically what has helped you from 
the fall semester  
(H2, He2, Li2, CO2, H2O) 
 
I would now like you to sit down and have you talk me through each of the questions 
(Concept Survey Questions, Appendix G) and your answers.  I am also providing you 
with additional paper if you want to elaborate with drawings. 
 
1) Please read me the question out loud and explain to me in your own words 
what it is asking. 
 
2) Which answer choice did you select? 
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3) Can you explain to me verbally why you chose that answer? (Follow-up 
probing questions related to written work) 
 
4) Why were the other options incorrect? (Follow-up probing questions related to 
written work) 
 
5) What specifically from this semester has helped you answer this question? 
 
During the interview, probe for: electrons, protons, neutrons, nucleus, attraction, 
repulsion, coulomb’s force, electron clouds, waves, resonant frequency, orbitals, electron 
structure, quantum numbers, valence electrons, core electrons, energy levels, atoms, 
elements, atomic mass, atomic number, periods, groups, atomic size, ionization energy, 
shielding, ionic charge, distances, energy, electron pairs, electron movement, 
hybridization, bond strength, molecular orbitals 
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APPENDIX F: CURRENTLY PUBLISHED CONCEPT 
SURVEY QUESTION EXAMPLES 
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APPENDIX G: DESIGNED CONCEPT SURVEY 
 
Workbook Number: ______________ 
 
Are you over the age of 18? Yes_____ No _____ 
 
 
 
 
 
 
Concept Survey 
 
 
CH101 
Pre-Instruction 
Summer, 2014 
  
 
 
 
 
 
 
 
 
You will have 15 minutes to complete the following concept survey, please answer each 
question as best you can.   
 
Following each multiple-choice question, please give an explanation for your answer in 
the form of a diagram, drawing, analogy, or brief written statement.  If you guessed and 
have no support for your answer selection, please write, “GUESS” in the open-ended part 
of that question. 
 
To remain anonymous, please make sure not to put your name on this concept survey.  
Completion of this survey will have no effect on your grade or status in the class, but is 
designed to help evaluate the effectiveness of course content. 
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A3. Which photon(s) will be absorbed by a molecule whose only natural frequency (ν) is  
2.5 × 1015 Hz? 
 
a) νphoton = 2.5 x 1015 Hz 
b) νphoton > 2.5 x 1015 Hz 
c) νphoton < 2.5 x 1015 Hz 
d) νphoton ≥ 2.5 x 1015 Hz 
e) νphoton ≤ 2.5 x 1015 Hz 
 
_______________________________________________________________________ 
A1. Which of the following DOES NOT contribute to the structure of a water molecule? 
 
a) Sigma Bonds 
b) Hybridized Orbitals 
c) Electron Repulsion 
d) Pi Bonds 
e) Molecular Orbitals 
 
_______________________________________________________________________ 
A4. Which of the following is true about light? 
 
a) Increasing the frequency of light will increase the energy of its photons 
b) Increasing the frequency of light will decrease the energy of its photons 
c) Increasing the intensity of light will increase the frequency of its photons 
d) Increasing the intensity of light will decrease the frequency of its photons 
e) The energy for all light is the same because the speed of light is 3.00 x 108 m/s 
 
_______________________________________________________________________ 
B3. How many hybridized orbitals are in the molecule CO2? 
 
a) 0 
b) 3 
c) 4 
d) 6 
e) 8 
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______________________________________________________________________ 
B4. If a photon of green light is emitted from atom A, and a photon of red light is emitted 
from atom B, which of the following must be true about the energy of these photons (E)?  
 
a) EA > EB 
b) EA < EB 
c) DEA > DEB 
d) DEA < DEB 
e) DEA = DEB 
 
_______________________________________________________________________ 
C1. Shown below is part of the hydrogen spectrum for visible light.  Based on this 
spectrum, which of the following must be true about hydrogen? 
 
 
 
 
 
 
a) A photon of wavelength 500 nm is absorbed by hydrogen 
b) A photon of wavelength 500 nm is emitted by hydrogen 
c) A photon of wavelength 660 nm is emitted by hydrogen 
d) Hydrogen has exactly eight energy levels 
e) Hydrogen has the greatest change in energy when red light is emitted 
 
_______________________________________________________________________ 
B2. Which of the following most accurately describes the average size of a fluorine atom 
compared to the average size of an oxygen atom? 
 
a) Fluorine is smaller than oxygen because it has a higher atomic number 
b) Fluorine is smaller than oxygen because of increased shielding 
c) Fluorine is bigger than oxygen because it is more massive 
d) Fluorine is bigger than oxygen because it has more electrons 
e) Fluorine and oxygen are the same size.  
	  	  
125 
_______________________________________________________________________
C5. Which of the following photon energies (E) will ionize a hydrogen atom in its ground 
state?  (Ionization Energy = 13.6 eV) 
 
a) Ephoton = 13.6 eV 
b) Ephoton > 13.6 eV 
c) Ephoton < 13.6 eV 
d) Ephoton ≥ 13.6 eV 
e) Ephoton ≤ 13.6 eV 
 
_______________________________________________________________________ 
A5. Which of the following statements is NOT a characteristic of an electron in a neutral 
hydrogen atom? 
 
a) The electron is shielded 
b) The electron has wave-like properties 
c) The electron cloud has energy 
d) The energy of the electron cloud determines its shape 
e) All of the above are characteristics of an electron in a hydrogen atom 
 
	  	  
126 
_______________________________________________________________________ 
A2. The graph below shows the electron density for a 3p orbital of hydrogen. Based on 
this graph, where is the electron located?  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) B 
b) C  
c) D 
d) Everywhere except for A, C and E 
e) We can’t tell from this graph, it could be anywhere 
 
_______________________________________________________________________ 
B5. Which of the following statements explains why a 2p electron cloud in a N6+ ion 
(single-electron atom) has higher ionization energy than a 2p electron cloud in a N atom 
(multi-electron atom)? 
 
a) 2p electron clouds in single electron atoms are shielded 
b) 2p electron clouds in multi-electron atoms are shielded 
c) 2p electron clouds are closer to the nucleus in multi-electron atoms 
d) There is no difference in energy. Every 2p electron cloud has the same energy 
e) Multi-electron atoms have an increased effective nuclear charge 
 
E	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____________________________________________________________________________________________________________ 
C2. Which of the following statements is NOT a factor of electron cloud energy? 
 
a) Shielding 
b) Principal energy level 
c) Electron repulsion 
d) Nuclear charge 
e) All of the above are factors of electron cloud energy 
 
_______________________________________________________________________ 
C4. Which of the following molecules is NOT likely to form naturally? 
 
a) H2 
b) He2 
c) Li2 
d) He2 and Li2 
e) All of the above molecules are likely to form naturally 
 
_______________________________________________________________________ 
C3. When a 2s, 2px and 2py orbital hybridize, how many new orbitals are formed? 
 
a) 1 
b) 2 
c) 3 
d) 6 
e) There is not enough information to answer the question 
 
_______________________________________________________________________ 
D1. Which of the following electron structures is correct for a neutral carbon atom? 
 
a) 1s2 2s2 2px2 2py0 2pz0 
b) 1s2 2s2 2px1 2py1 2pz0 
c) 1s2 2s1 2px1 2py1 2pz1 
d) 1s2 2s2 2px0 2py0 2pz0 
e) 1s2 2s0 2px1 2py1 2pz0 
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_______________________________________________________________________ 
D4. Given below is a set of quantum numbers describing one electron in a multi-electron 
atom: 
(2, 0, 0, +½) 
 
Which of the following sets of quantum numbers represents another possible electron in 
this atom?  
 
a) (2, 0, 0, –½) 
b) (2, 0, 0, 0) 
c) (2, 0, 0, +½)  
d) (2, 0, 1, +½) 
e) All of the above are possible 
 
_______________________________________________________________________ 
D2. When two hydrogen atoms and an oxygen atom bond to form water, how many 
molecular orbitals are created? 
 
a) 0 
b) 1 
c) 2 
d) 3 
e) 4 
 
_______________________________________________________________________ 
D5. How many hybridized orbitals are created when CH4 is formed? 
 
a) 0 
b) 1 
c) 4 
d) 5 
e) 8 
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APPENDIX H: SUMMER COURSE SYLLABUS (PHASE THREE) 
 
CH101 - General Chemistry  
Summer 2013  
Syllabus  
 
CH101 General Chemistry - Summer 2013  
Welcome to CH101 - General Chemistry. This is the first semester of a year-long course 
intended primarily for science majors, pre-medical students, engineering students who 
require a one-year course in chemistry, and other interested students. This syllabus is 
designed to answer many questions you may have. Please read it over and then keep it 
handy to use throughout the semester.  
Summer courses are notoriously fast-paced and the likelihood for getting left behind is 
higher than in a normal fall/spring course. You are encouraged to follow the advice 
outlined in the document below and to seek help at the first sign of trouble.  
This course is given by Professor XXXX:  
Office Hours: Communication: Course Website: Piazza Site:  
XXXX 
The discussion leaders and their office hours (all held in XXXX - the atrium on the 
second floor) are:  
XXXX (Monday 1–2pm) and XXXX (Thurs 5:30–6:30pm) lead discussions in XXXX 
(last names: A–J) XXXX (Mon/Wed 2–3pm) and XXXX (Fri 10–11am) lead discussions 
in XXXX (last names: K–Ri) XXXX (Wed 1–2pm) and XXXX (Tues 5:30–6:30pm) lead 
discussions in XXXX (last names: Ro–Z)  
All students are invited, and encouraged, to attend any of the office hours (even for other 
discussion leaders). Any questions that you may have about the course can be sent to 
XXXX. E-mails sent to this address will reach all of the course simultaneously.  
XXXX is in charge of the laboratory portion of CH101.  
Texts and Tools  
The required materials for the course are available at the XXXX Bookstore:  
1. Mahaffy, P.; et al. Chemistry: Human Activity, Chemical Reactivity (custom edition, 
OWL online, and  Odyssey bundle), ISBN 9781133639787  
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2. Turning Technologies Response Card RF  
3. Scientific (non-programmable) calculator   
4. XXXX, General Chemistry Laboratory Manual, Hayden McNeil Publishing.   
5. Laboratory notebook, Hayden McNeil Publishing,   
6. Approved safety goggles (face-forming) and laboratory coat
1
.   
You will need to make sure that you acquire items 1–2 before the first lecture (don’t 
forget to bring your clicker to lecture). Items 4–6 are only required if you are registered 
for the lab portion of the course (not required for CH103). You must have procured these 
items before the first lab session.  
1
Be aware that it is a Massachusetts State Law that safety goggles are mandatory in the laboratory. In 
the lab, all students who wear contact lenses should wear prescription glasses under their safety 
goggles. Contact lenses are forbidden in the lab. Also, all students must wear the appropriate clothing: 
long pants, long sleeves and closed shoes (no sandals or flip-flops).  
CH101 - General Chemistry Summer 2013  
You are also required to have your own calculator for this course. It should display 
scientific (exponential) notation and have logarithm functions, but not programmable nor 
graphing. Be sure to bring it to discussions, laboratory sessions, and the exams.  
Course Organization  
Course Schedule  
The course consists of three required components: • lecture (M/T/W/Th 10am–12noon in 
XXXX) • discussion (T/W/Th 8:30am–9:30am - rooms listed above), and • lab (T/Th 
1pm–4pm in XXXX).  
You are required to attend all of the course meetings for all of the components (lecture, 
lab, and discussion). Clicker quizzes will be given in all of the lectures. Additionally, 
quizzes will be given regularly in discussion - absence will result in a grade of zero.  
Make sure to purchase, AND register, your Turning Technologies clicker before the first 
lecture of the summer. You can register your clicker by going to the course site at XXXX 
and following the link. Please email me immediately if you change your clicker after the 
second lecture.  
If you have not yet registered for all three (two for CH103) components of the course, 
please do so right away. All grade records are based on the registrar information, so we 
	  	  
131 
require that you be officially registered and that you attend the corresponding lecture, 
discussion, and lab. Students will be assigned to individual discussion sections on the 
morning of the first discussion.  
Exams and Quizzes  
There will be two lecture exams and a cumulative final exam: • Exam #1: Monday, June 
3
rd
, from 10am–12noon in XXXX; • Exam #2: Monday, June 17
th
, from 10am–12noon in 
XXXX; • Final Exam: Thursday, June 27
th
, from 9am–12noon in XXXX.  
Due to the small size of the course, no makeup exams will be offered for missed exams
2
. 
A missed exam will result in a grade of zero. A missed final exam will result in an I 
(incomplete) grade for the course, so please make end-of-semester travel plans 
accordingly.  
In addition to the lecture exams, there will be regular quizzes given during discussion. 
Each discussion quiz will count equally. These quizzes are meant to assess your 
understanding of topics covered in previous lectures and homework. If you are absent, 
the missed quiz counts as 0. No makeup quizzes will be given. The discussion quizzes 
count for a total of 10% of your course grade.  
A quiz will be given at the beginning of each lecture. These quizzes are meant to assess 
your preparation for the material to be covered that day in lecture. If you are absent, the 
missed quiz counts as 0. No makeup quizzes will be given. The lecture quizzes count for 
a total of 10% of your course grade.  
Absence Policy  
Attendance at all lectures, discussions, and labs in mandatory. Quizzes given in lecture 
will count for 10% of your course grade. If you arrive late to lecture, please enter as 
inconspicuously as possible. Your colleagues will appreciate it.  
2
Emergency situations, with proper documentation, will be accepted according to the absence policy 
detailed below.   
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Attendance will not be taken in discussion. Rather, the quizzes that will be given 
(anywhere from once to three times per week) will indicate who is attending. There are 
no make-up quizzes and a missed quiz receives a grade of zero. You are required to 
attend your assigned discussion section - only quizzes taken in the appropriate section 
will count for a grade.  
Similarly, attendance will not be taken in lab. Bare in mind that there will be no 
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opportunity for makeup labs. Missing a lab will result in a grade of zero on the lab 
assignment. Please also be aware that due to the fact that important safety information 
will be disseminated at the beginning of lab, arriving late in lab may preclude your 
participation.  
Academic Conduct  
All students at XXXX are expected to maintain high standards of academic honesty and 
integrity. It is the responsibility of every student to be aware of the Academic Conduct 
Code’s contents and to abide by its provisions, as detailed at: XXXX  Please note 
carefully that we treat cheating
3 with zero tolerance. At minimum, the consequences of 
cheating are that the score for work on which cheating occurs counts as zero and that a 
letter detailing the cheating is sent to the student’s advisor, the dean of XXXX, and 
placed in the student’s academic file. Possible further consequences are referral to 
Academic Conduct Committee, and additional penalties, including possible expulsion 
from university. None of these consequences are at the discretion of the instructors, but 
rather are governed by XXXX policies.  
What is covered in CH101?  
This course has been designed to be an introduction to general chemistry that integrates 
laboratory explorations with the development of the analytical tools necessary to 
understand and guide those explorations. Some particular aspects that will be emphasized 
are: mathematics as a tool for the exposition and manipulation of chemical concepts, and 
the connection between microscopic models of matter and its macroscopic properties.  
Lecture  
In this course we will cover chapters 2–14 of the course text: • Chapter 2, Building blocks 
of materials (atoms) • Chapter 3, Models of structure to explain properties (molecules) • 
Chapter 4, Carbon compounds • Chapter 5, Chemical reaction, chemical equations • 
Chapter 6, Chemistry of water, chemistry in water • Chapter 7, Chemical reactions and 
energy flow • Chapter 8, Modeling atoms and their electrons • Chapter 10, Modeling 
bonding in molecules  
Laboratory  
A detailed schedule of the laboratory portion of the course is available on the course 
blackboard site.  
The laboratory part of this course will let you see first-hand chemical principles and 
processes in action. It will also give you experience with some of the methods scientists 
use to do chemical research. Your laboratory will consist of seven experiments, which 
have been scheduled as nearly as possible with and supporting discussions in regular 
lectures.  
3
Here, “cheating” refers to any violation of the student academic conduct code. There are no small 
infractions.  
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CH101 - General Chemistry Summer 2013  
Grading Policies  
In general, an “A” grade represents excellence and complete mastery of the course 
material; a “B” corresponds to very good mastery of the material; a “B-/C+” is an 
average performance; and a “D” corresponds to insufficient mastery of the course 
material.  
Letter grades are not assigned to individual exams, labs, or quizzes. Your overall course 
letter grade is assigned based on your total score for the course; the course sta↵ will not 
speculate as to your expected grade until ALL of the grades for the course are in. There 
are no fixed percentages of A grades, B grades, etc...  
No makeup exams will be given. The exams (including the final exam) count for 50% of 
your course grade.  
Each discussion quiz will count equally and the lowest quiz score will be dropped. These 
quizzes are meant to assess your understanding of topics covered in previous lectures and 
in the homework, and to develop your skills as you prepare for the exams. If you are 
absent, the missed quiz counts as zero. No makeup quizzes will be given. The discussion 
quizzes count for a total of 15% of your course grade.  
Each lecture quiz will count equally and together will count for 10% of your course 
grade. These quizzes are designed to assess your preparation work (reading before 
lecture) and work during lecture.  
For CH101 students, the lab score counts for 20% of your course grade. The breakdown 
of the lab grades will be discussed in lab. CH103 students will be graded on a scale that 
does not include lab. A missed lab counts as zero.  
Questions Regarding Grades  
Any question concerning the grading of an exam, quiz, or laboratory report must be 
brought to the attention of your discussion or laboratory teaching fellow during the class 
session in which it is returned to you; material will not be accepted for regrading 
afterwards.  
Indicate on the face of the exam, quiz, or laboratory report the questions you wish re-
graded and your reasons for believing that they were mis-graded. The entire work will be 
re-graded. Be sure you have made no alterations in your work. When your exams are 
returned you will be provided with a green pen. All notes on the exam must be made in 
the green pen. We occasionally photocopy your graded work to make spot checks against 
regrade requests. Please note that the penalties for academic misconduct are severe, as 
detailed in XXXX Academic Conduct Code, available from XXXX Academic Advising.  
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Overall Course Grade  
The course grade will be determined as follows:  
Component Exams Discussion Quizzes Lecture Quizzes Laboratory  
Suggestions for Success  
% Grade 50% 15% 15% 20%  
Learning chemistry requires persistence, diligence, and hard work. During the academic 
year (fall and spring), faculty normally suggest that you plan to spend a significant 
number hours per week on this course (over and above the scheduled contact hours). 
During the summer, each of the 6 weeks has approximately the same number of contact 
hours as 2.5 academic year weeks. If you are willing to devote the time, and you spend it 
wisely and effectively, you will be able to perform your best in this course. Here are 
some specific suggestions that students have found helpful.  
CH101 - General Chemistry Summer 2013  
Lecture Preparation  
You will get the most out of lecture if you have worked through the textbook beforehand. 
This includes reading the text, working through the worked-examples in the text, working 
through the exercises in the chapter (and at the end), and doing the Interactive and e-
resources on the side margins. This will give you a good jumping-off-point for the 
lectures.  
Lecture Follow-up  
After each lecture, you should work through your lecture notes to be sure you understand 
everything that was covered. The next step is to do a lot of problems (more than the 
minimum number that are assigned as homework).  
Working Problems  
Chemistry is a quantitative science and understanding of its concepts is obtained by 
solving problems. The text offers many problems for you to attempt - these are a good 
place to start (especially the online resources). For success you should do as many of 
these as you can. If you run into problems you should ask for help from your teaching 
fellow or the professor.  
Additionally, some more challenging problems will be assigned in lecture. It is important 
that these be completed before the next lecture (or discussion).  
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Discussions  
There are three discussion sessions per week - these problem solving sessions will give 
you a chance to work in groups to solve problems, some of which are exam-caliber. 
These sessions are also a particularly good time to work through the problems that you 
haven’t been able to solve.  
Quizzes will be given during at least one (if not more) of the three weekly sessions. 
These are geared towards helping you, and the instructors, determine which topics you 
understand and which require further work. Additionally, exams will be returned and 
discussed during these discussions. Any questions about exams or problem sets should be 
addressed to your discussion TF during this time.  
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CH101 - General Chemistry  
Summer 2013  
Detailed (Tentative) Course Schedule  
⇤ Monday’s Schedule on Friday. † Discussions will meet as usual this morning ‡ Final 
exam will not exceed 3 hours (9am–12noon).  
Note on Labs:  
Lab sessions are held XXX. There are two three-hour laboratories each week. Laboratory 
experiments are on Tuesday and Thursday, 1–4pm. There is a Mandatory Introductory 
lab lecture on Thursday, May 23, at 1–2pm in XXXX. All (brief) lab reports are due at 
the beginning of the following lab period (two week labs are due the period after the 
second lab session), except for the qualitative analysis lab and the lewis structures lab.  
Note on the Qualitative Analysis Lab:  
Bring data tables 1–5; pages 117 and 118; and flow chart for five ion separation ready for 
submission to the second lab section (on 6/11).  
Note on the Energy of Light Workshop  
Workshop will be on 6/18 in XXXX (1pm–2:30pm); bring your lab manual. The post-test 
Week of Lecture Topics / Notes Tuesday Lab Thursday Lab  
5/20 First Class on T 5/21† No Labs Mandatory Check-in and lecture Chapter 2 (T) 
(1pm in XXXX) Chapter 3,4 (WR)  
5/27 No classes (M) Lab #1 - Avogadro’s Number Lab #2 - Inorganic salts Chapter 5 
(T) (pg. 13) (pg. 47) Chapter 6 (WRF⇤)  
6/3 Exam #1 (M) Lab #3 - Preparation of Solutions Lab #4 - Qual. analysis Chapter 6 
(T) (pg. 71) (pg. 99) Chapter 7 (WR)  
6/10 Chapter 7 (M) Lab #4 - part 2 Lab #5 - Calorimetry Chapter 8 (TWR) (pg. 123)  
6/17 Exam #2 (M) Lab #6 - Workshop on light Post-test on Lab #6 Chapter 8 (TW) 
(pg. 151) Due at end of lab Chapter 10 (R)  
6/24 Chapter 10 (MTW) Lab #7 - Lewis structures Final Exam (R)‡ (pg. 161)  
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(on 6/20) will be given in the lab (XXXX). The workshop brief report and the brief lab 
report on Calorimetry experiment are due at the beginning of the post-test 6/20. The post-
test is due at the end of the class 6/20.  
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APPENDIX I: SUMMER STUDENT RECRUITMENT SCRIPT AND EMAIL 
 
Recruitment Scripts 
 
If delivered by Principal Investigator:  
 
Introduction by course instructor:  
The instructors of the general chemistry courses are constantly striving to best 
understand how to help you learn the abstract concepts which underpin chemistry. A 
researcher from the School of Education has approached us to gather data on how 
students learn some of these concepts. Her name is Emily Allen, and she is here in our 
class today.  
 
Hello, my name is Emily Allen, and I am a doctoral fellow in the XXXX School of 
Education.  We are conducting a study to better understand how students learn abstract 
concepts in their introductory science courses.  As students who are enrolled in CH 101 
this term, we are interested in speaking with you to learn more about how you view some 
of the scientific concepts you will cover in class. We would like to conduct interviews 
with some of you and collect examples of your work.  To participate in our study students 
must be at least 18 years old.  For the interviews, we are looking for 25 students to agree 
to participate in three 45 – 60 minute interviews where we will ask you about how you 
think about various scientific properties. Of those students who volunteer, 25 will be 
randomly selected to participate in the interviews.  These interviews will be kept 
anonymous and will have no impact on your status or grade in the class.  
 
Students who are interviewed will receive a $10 gift card for the first interview, and an 
additional $15 gift card for the second and third interviews.  
 
For the second part of this study, I am asking for all students to agree to allow me to 
review copies of their homework and in-class assignments.  The copies made of your 
course work will be kept anonymous and my review of it will have no impact on your 
status or grade in the class.  
 
If you are interested in volunteering to be interviewed, we have copies of a consent form 
that we ask you to review. Copies will be passed out to all students. If after reviewing the 
consent form you remain interested, please either speak to me directly or leave the 
informed consent from with the professor. I will be here at the end of class today and at 
the end of the next class to speak with any interested students. 
 
If you are willing to allow us to collect some of your coursework, we have copies of 
another consent form that we ask you to review. Copies will be passed out to all students. 
If after reviewing this second consent form you are willing that we make anonymous 
copies of your course work, please sign the consent form and return it either to me or to 
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your instructor. I will be here at the end of class today and at the end of the next class to 
answer any questions you may have about this collection of course work. 
 
Your instructor will be sending everyone in the class an email from me about these 
requests.  
 
If delivered by the Co-Investigator:  
 
Introduction by course instructor:  
The instructors of the general chemistry courses are constantly striving to best 
understand how to help you learn the abstract concepts which underpin chemistry. A 
researcher from the School of Education and her faculty advisor have approached us to 
gather data on how students learn some of these concepts. Their names are Peter Garik 
and Emily Allen, and Dr. Garik is here in our class today.  
 
Hello, my name is Peter Garik, and I am a professor in the XXXX School of Education.  
A doctoral student, Emily Allen, and I are conducting a study to better understand how 
students learn abstract concepts in their introductory science courses.  As students who 
are enrolled in CH 101 this term, we are interested in speaking with you to learn more 
about how you view some of the scientific concepts you will cover in class. We would 
like to conduct interviews with some of you and collect examples of your work.  To 
participate in our study students must be at least 18 years old.  For the interviews, we are 
looking for 25 students to agree to participate in three 45 – 60 minute interviews where 
we will ask you about how you think about various scientific properties. Of those 
students who volunteer, 25 will be randomly selected to participate in the interviews.  
These interviews will be kept anonymous and will have no impact on your status or grade 
in the class.  
 
Students who are interviewed will receive a $10 gift card for the first interview, and an 
additional $15 gift card for the second and third interviews.  
 
For the second part of this study, Ms. Allen is asking for all students to agree to allow her 
to review copies of your homework and in-class assignments.  The copies made of your 
course work will be kept anonymous and her review of this course work will have no 
impact on your status or grade in the class.  
 
If you are interested in volunteering to be interviewed, we have copies of a consent form 
that we ask you to review. Copies will be passed out to all students. If after reviewing the 
consent form you remain interested, please either speak to Ms. Allen directly or leave the 
informed consent from with me. Ms. Allen will be here at the end of class today and at 
the end of the next class to speak with any interested students. 
 
If you are willing to allow Ms. Allen to collect some of your coursework, we have copies 
of another consent form that we ask you to review. Copies will be passed out to all 
	  	  
140 
students. If after reviewing this second consent form you are willing that Ms. Allen make 
anonymous copies of your course work, please sign the consent form and return it either 
to Ms. Allen or to your instructor. Ms. Allen will be here at the end of class today and at 
the end of the next class to answer any questions you may have about this collection of 
course work. 
 
Your instructor will be sending everyone in the class an email from Emily about these 
requests.  
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Informational Email to be sent by instructor to all students in the class 
 
Today in class you were asked about your willingness to participate in a study about how 
students learn chemistry concepts.  
 
Each consent form you received in class contains a description of our study, a description 
of what your commitment is if you give us consent, and the protocol we will observe to 
keep your information confidential.   
 
Please take the time to read this information before deciding whether to participate in the 
study.   
 
If you are interested in participating in an interview, please email me, Emily Allen 
(XXXX) so that if you are selected a time can be arranged, or hand in your signed 
consent form to me at the beginning of your next class session. 
 
If you are willing to let us review some of your course work which you ordinarily provide 
your instructor, please sign the consent form for this and return it to me. 
 
Agreeing to be interviewed and agreeing to permit copying of coursework are 
independent of each other. You can agree to both, one of the two, or neither. Your 
decisions will have no impact on your grade or your status in the course. 
 
Thank you for your time and attention. 
 
Sincerely,  
 
Emily Allen (XXXX) 
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APPENDIX J: SUMMER STUDENT CONSENT FORM 
 
Informed Consent form for CH 101 General Chemistry:  Interviews 
 
Introduction 
Please read this form carefully.  The purpose of this form is to provide you with 
important information about taking part in a research study.  This form may contain 
words that you do not understand.  Please ask the study staff to explain any words that 
you do not understand.  If you decide to take part in this research study we will ask you to 
sign this form and provide you with a copy of this form for your records. 
 
Purpose of the Study 
We are asking you to take part in this study because you are currently enrolled in CH101: 
General Chemistry, at Boston University. The purpose of this research is to study how 
students think about abstract concepts in chemistry.  The principal investigator of this 
study is a student of Boston University, School of Education, and this research is part of 
her dissertation work.  
 
Study Procedure 
Your participation in this study is completely voluntary, and will have no impact on your 
grade or status in the class. If you agree to participate in interviews, you may withdraw at 
any time without giving a reason. 
 
For this study, we are asking to for three interviews during the academic term.  The first 
will be at the beginning of the term and will be scheduled for one hour.  The second 
interview will take place at the end of the semester and will also be scheduled for one 
hour. The third interview will take place during the following spring semester and will be 
schedule for one hour as well.  The interview will be about how you think about scientific 
concepts related to your chemistry course.  During this interview, you may be asked to 
draw pictures and give descriptions about how you think about some of these concepts. 
 
Not all students who volunteer will be interviewed. We anticipate asking 25 students, 
randomly selected, to be interviewed. You will be contacted via e-mail by the researcher 
if you have been selected.  
 
Confidentiality 
Any identifiable information obtained in connection with this study will remain 
confidential and will be disclosed only with your permission or as required by law.  The 
members of the research team and the Boston University Institutional Review Board may 
access the data.  Information from this study and study records may be reviewed and 
photocopied by the institution and by regulators responsible for research oversight such 
as the Office of Human Research Protections, and the Boston University Institutional 
Review Board.  The IRB reviews and monitors research studies to protect the rights and 
welfare of research subjects. 
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The interviews recordings will be stored in a password-protected file on a computer used 
solely by the principal investigator. Back-ups will be to a secure hard drive in a locked 
office.  The personal identifier code will be stored in a separate, password-protected file 
on the computer.  Only the PI, Ms. Allen, will have access to the database containing the 
personal identification code.  The data will be retained for at least three years after the 
completion of the study.  When the results of research are published or discussed in 
conferences, no identifiable information will be used.  
 
Payment for Participation in this Study 
We will be offering gift cards to students who participate in the interviews of this study.  
Students will chose between the following types of gift cards: Starbucks, Barnes and 
Nobel, iTunes, Panera, Amazon, Gap, Best Buy, or City Sports.  Those students who take 
the first interview will be given a $10 gift card at the beginning of the interview.  Those 
who partake in the second interview will be given an additional $15 gift card at the 
beginning of the interview.  
 
Investigator’s Contact Information 
If you have any questions or concerns, please contact Emily Allen (E-mail: XXXX; 
Phone: XXXX) or Professor Peter Garik (E-mail: XXXX; Phone: XXXX). 
 
Rights of Research Participant – IRB Contact Information 
You may obtain further information about your rights as a research subject by calling the 
BU CRC IRB Office at 617-358-6115 
 
Statement of Consent  
I have read the information in this consent form including risks and possible benefits.  I have 
been given the chance to ask questions.  My questions have been answered to my 
satisfaction, and I agree to participate in the study.  I agree to participate in the two 
interviews for this study.  I have been given a copy of this form. 
 
I am 18 years of age or older 
______YES   ______NO 
Do you agree to let us audio record you during two interviews.  
______YES   ______NO 
 
SIGNATURE 
 
______________________________________ _____________________ 
Name of Subject Email address 
 
______________________________________ ____________________ 
Signature of Subject  Date 
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Informed Consent form for CH 101 General Chemistry:  Collection of Student 
Work 
 
Introduction 
Please read this form carefully.  The purpose of this form is to provide you with 
important information about taking part in a research study.  This form may contain 
words that you do not understand.  Please ask the study staff to explain any words that 
you do not understand.  If you decide to take part in this research study we will ask you to 
sign this form and provide you with a copy of this form. 
 
Purpose of the Study 
We are asking you to take part in this study because you are currently enrolled in CH101: 
General Chemistry, at XXXX. The purpose of this research is to study how general 
chemistry students think about abstract chemical concepts. The principal investigator of 
this study is a student of XXXX, School of Education, and this research is part of her 
dissertation work. 
 
Study Procedure 
The researcher is asking for your permission to make copies of your usual class work, 
homework assignments, quizzes and exams for CH101: General Chemistry. The 
instructor will collect this course work from all students whether they choose to 
participate in this study or not.  If you give your permission, this course work will be 
collected, copied, and returned to your instructor by the researcher.  If you agree to take 
part in this study, before we collect any information from you we ask that you respond to 
the questions below and sign this consent form. 
 
Your participation in this study is completely voluntary, and will have no impact on your 
grade or status in the class. If you agree to participate in interviews, you may withdraw at 
any time without giving a reason. 
 
Confidentiality 
Any identifiable information obtained in connection with this study will remain 
confidential and will be disclosed only with your permission or as required by law.  The 
members of the research team and the Boston University Institutional Review Board may 
access the data.  Information from this study and study records may be reviewed and 
photocopied by the institution and by regulators responsible for research oversight such 
as the Office of Human Research Protections, and the Boston University Institutional 
Review Board.  The IRB reviews and monitors research studies to protect the rights and 
welfare of research subjects. 
 
The data from these photocopies will be stored in a password-protected file on a 
computer used solely by the principal investigator. Back-ups will be to a secure hard 
drive in a locked office.  The personal identifier code will be stored in a separate, 
password-protected file on the computer.  Only the PI, Ms. Allen, will have access to the 
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database containing the personal identification code.  The data will be retained for at least 
three years after the completion of the study.  When the results of research are published 
or discussed in conferences, no identifiable information will be used.  
 
Investigator’s contact information 
If you have any questions or concerns, please contact Emily Allen (E-mail: XXXX; 
Phone: XXXX) or Professor Peter Garik (E-mail: XXXX; Phone: XXXX). 
 
Rights of Research Participant – IRB Contact Information 
You may obtain further information about your rights as a research subject by calling the 
BU CRC IRB Office at 617-358-6115. 
 
Statement of Consent  
I have read the information in this consent form including risks and possible benefits.  I have 
been given the chance to ask questions.  My questions have been answered to my 
satisfaction, and I agree to participate in the study.  I agree to allow the researchers to collect 
copies of class work that I provide my instructor as part of ordinary course instruction.  I 
have been given a copy of this form. 
 
I am 18 years of age or older 
______YES   ______NO 
 
Do you agree to let us photocopy your work during this study? 
______YES   ______NO 
 
Do you agree to let us use your workbook and survey responses during this study? 
______YES*   ______NO 
 
If yes, please provide your workbook number: ______________ 
 
SIGNATURE 
 
______________________________________ _____________________ 
Name of Subject Email address 
 
______________________________________ ____________________ 
Signature of Subject  Date 
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APPENDIX K: SUMMER POST-INTERVIEW PROTOCOL 
 
Summer Student Post-Instruction Interview Protocol 
 
Introductory Script 
 
I am interested in better understanding how both experts and novices (students) 
visualize complex and abstract scientific concepts. First, I will be asking you to describe 
different atoms and molecules based on what you’ve learned this year. I will then ask you 
to complete a 10-question survey based on these concepts. For each question concept, I 
will ask you to picture in your mind how you think about these particular topics.  Then, I 
will ask you to explain that idea out loud.  In some cases, it may be easier to explain these 
ideas as you draw a picture.  If so, I have provided you with blank paper and a pencil so 
you may do so.  I will collect your drawings at the end of this interview. 
This interview should last about one hour to an hour and a half, and you are welcome 
to ask me any questions you may have during the interview.  For the purpose of my 
research, this interview will be audio-recorded.  For the purposes of preserving 
confidentiality, I will not refer to you by name during this interview.   If at any point you 
wish to stop the interview or do not wish to answer a particular question, please feel free 
to do so.  Please remember that your participation in this interview will not affect your 
grade or status in your chemistry class. Moreover, you will receive the gift card 
regardless of completing the interview. 
 
Do you have any questions on how this interview will be conducted?  
 
1) I am first going to ask you to describe and draw some sort of representation of several 
atoms.  For each one, please tell me specifically what has helped you from the summer 
term in describing these atoms.   
 
(Hydrogen, Helium, Carbon) 
 
2) Next, I am going to ask you to describe and draw some sort of representation of 
several molecules.  For each one, please tell me specifically what has helped you from 
the summer term.  
(H2, He2, Li2, CO2, H2O) 
 
During the interview, probe for: electrons, protons, neutrons, nucleus, attraction, 
repulsion, coulomb’s force, electron clouds, waves, resonant frequency, orbitals, electron 
structure, quantum numbers, valence electrons, core electrons, energy levels, atoms, 
elements, atomic mass, atomic number, periods, groups, atomic size, ionization energy, 
shielding, ionic charge, distances, energy, electron pairs, electron movement, 
hybridization, bond strength, molecular orbitals 
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APPENDIX L: INSTRUCTIONAL VISUAL TOOLS 
 
Visual 
Representations Example 
Visual 
Representations Example 
Absorption 
Spectrum 
 
Geometry 
Drawing (3D) 
 
Ball and Stick 
Drawing 
 
Graph 
 
Bar Chart  
 
Hybridized 
Orbital Drawing 
 
Bohr Model 
 
Lewis Structure 
 
Box Diagram 
 
Molecular 
Orbital Drawing 
 
Correlation 
Diagram 
 
Orbital Drawing 
 
Density Graph 
 
Periodic Table 
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Visual 
Representations Example 
Visual 
Representations Example 
Electron 
Density 
Isosurface 
Drawing 
 
Polarity Arrow 
 
Emission 
Spectrum 
 
Probability 
Drawing 
 
Energy Diagram 
 
Solid Sphere 
Drawing 
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APPENDIX M: STUDENT VISUAL REPRESENTATION 
EXAMPLE DRAWINGS 
 
Visual Representations Student Drawings 
Ball and Stick Drawing 
 
Bohr Model 
 
Box Diagram 
 
Correlation Diagram 
 
Cloud Drawing with Electron 
Particles (amorphous) 
 
Cloud Drawing with Electron 
Particles (spherical) 
 
Density Graph 
 
Electron Density Isosurface 
Drawing 
 
Emission Spectrum 
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Visual Representations Student Drawings 
Energy Diagram 
 
Geometry Drawing (3D) 
 
Hybridized Orbital Drawing 
 
 
Lewis Structure 
 
Molecular Orbital Drawing 
 
Orbital Drawing 
 
Polarity Arrow 
 
Solid Sphere Drawing 
 	   	  
Wave Diagram (Graph) 
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APPENDIX N: STUDENT QUOTE EXAMPLES 
FOR CORRECT CONCEPTIONS 
 
Topic Student Quote 
Electron 
Behavior 
Student: “Well, an atom has two essential parts. The first part is the 
nucleus, which has protons, which emit a positive charge, and then 
there’s a negative particle / wave around it called an electron. And 
that’s what exists around it in the so-called cloud.” 
Interviewer: “Now how is this electron cloud… where is the wave in 
that?” 
Student “Um, well, in this case it exists everywhere that you basically 
have this orbital around the nucleus of the atom.” 
Interviewer: “So if we could shrink down and see it, what would we 
see?” 
Student: “Well, you wouldn’t really see anything because it’s 
everywhere at once and it’s more of like, well, like a wave and a charge 
than it is something tangible that you can touch.” (FF13 Post) 
Atomic 
Structure 
“Well, a Carbon atom has an atomic number of six so it would have six 
protons in the center, and then it would have six neutrons in like a basic 
isotope of that. And then on top of that it also has six electrons and that 
would be in the P orbital, so its electron configuration would be 
1s22s22p2. And that basically means that it has its s orbital filled, one S 
orbital filled then it has a 2s orbital outside of that and then it has 
a…the beginnings of a…it has a p orbital…two electrons in the P 
orbital. And then since it filled them…there’s three subshells in the P 
orbital and that would be the X, the Y, and the Z, so each one fills in 
after the other, and then you get an electron going in the opposite 
direction in each of those subshells because of Fermi holes and 
clumping. So you have one in the X and one in the Y, so you have a P 
orbital this way and a P orbital this way. And then all of those exist on 
top of each other.” (FF13 Post) 
Covalent 
Bonding 
Student: “[hydrogen atoms] each have one electron that they can share 
covalently. So the electrons are shared between both of them, and then 
for something like that we had to draw molecular orbital diagrams so 
you had the 1s and the 1s and they each have one so they form a 
bonding orbital instead of an anti-bonding and they would both fill in 
there. And then they taught us bond order, which would, in this case, be 
2 of the bonding electrons minus 0 of the anti-bonding electrons equals 
2. Divide that by s is one. And so it forms a single bond. That’s how 
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you mathematically prove that this is a single bond.” 
Interviewer: “Okay, so why did you draw this bonding orbital lower 
than your two originals?” 
Student: “Well, when you form a bond, you release energy, so this is at 
a lower energy state than either these two would be alone. And that’s 
why this is a more stable state because it is in a state that requires less 
energy” 
Interviewer: “And you said something about an anti-bond up here? 
What does that mean and why is that higher?” 
Student: “So that’s related to phase and being in phase or out of phase. 
So, if two things…well, they drew wave diagrams for us to explain 
this, so if two things are in-phase like that and that then the wave that 
you get as a result is like a much bigger wave versus if two things are 
out-of-phase which would be like that and then that, and those two will 
basically just cancel each other out and you won’t get anything, so the 
first set of bonds that you make since electrons are waves generally 
tend to fill in in their most stable forms, so this is in-phase right here 
and that leads to like a stronger bond because it is larger, like stronger 
wave in the end. But as you start to fill in more, you’re supposed to 
assume that some of the bonds will be out of phase, even though it 
favors those less and that’s why you fill in anti-bonding orbitals after 
you fill in bonding orbitals. So that’s what these would be, and that’s 
where you’re going to get some repulsion because the bond isn’t as 
strong there.” (FF13 Post) 
Molecular 
Shape 
“H2O. Okay. You have Oxygen and you have a hydrogen and a 
Hydrogen and two lone pairs. We had to do some molecular diagrams 
of these and so one thing we talked about was shapes and stuff, so the 
electron geometry of this is actually tetrahedral because you have 
electrons going out in four ways, evenly spaced and the angle between 
those is 109.5 and then the molecular shape of this is bent because 
these are lone pairs and not actually bonded atoms and so you have this 
shape right there. And then the reason it does that is because it forms a 
hybridized orbital when it’s bonding and so since there’s four in this 
case, I guess it’s an SP3, and then the electrons would go out in 
whichever four ways and then the 1S, it looks like this when you have 
an sp3 hybridized orbital. I think this is different from the molecular 
orbital ones; it was VESPR diagrams? There’s something in the book 
about this, and then the H has the 1s which bonds with one of these and 
then you have electrons right here and that’s why it’s tetrahedral in the 
electron geometry.” (FF13 Post) 
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APPENDIX O: STUDENT MISCONCEPTION EXAMPLE QUOTES 
 
Topic Misconception Student Quote 
El
ec
tro
n 
B
eh
av
io
r 
Electrons are particles 
moving in space 
“I kind of picture it like the nucleus kind of like the sun, 
and then the planets around it, but I know that the electrons 
aren’t necessarily going around the nucleus. Like they’re 
just kind of juggling and moving around but that’s just how 
I picture it” (DF13 Post) 
Electron spin is a physical 
movement 
“Well electrons like to pair themselves, so that they, each 
set of two spins in opposite directions, so that’s a clockwise 
spin and that’s a counterclockwise spin… The way [the 
electron] moves around the nucleus” (FF13 Pre) 
A
to
m
ic
 S
tru
ct
ur
e 
More electrons around the 
outside of the atom / outer 
shell 
“So [the atom] has a lot [of electrons] on the outside, so I 
guess it affects the molecules and it can’t be affected as 
much so it’s like more stable and less likely to interact with 
the thing, or to combine with other things. Than let’s say a 
carbon, more likely” (KF13 Pre) 
Electrons do not interact 
“Because [electrons are] too small and they’re moving too 
fast for there to ever be a collision and also because they’re 
not like solid elements, are they? So they would just go 
through each other if they ever did come near” (FF13 Pre) 
Full outer shells are more 
stable 
“But I guess it’s just the tendency to take in electron to 
fulfill its orbital because the atoms wants to have a full 
orbital to make it more stable” (MF13 Post) 
Orbitals depict paths on 
which electrons move 
“And I know that [orbitals] can vary, once again they have 
all these different orientations and I guess they’re almost 
like paths for the electrons to travel along” (AF13 Pre) 
All electrons take the 
form of a single orbital 
“I think [carbon]’s something like that. Peanut. And it’s 
basically like these are the locations where any of the six 
give or take [electron] clouds could be” (JF13 Post) 
Energy determines 
distances of electrons 
from the nucleus 
“If [electrons] are excited, but not just on their own energy, 
because there is some sort of energy, I forget what it’s 
called, but pulling them towards that nucleus. So I mean it’s 
like something orbiting the earth, where it can’t go further 
out without more energy, but the whatever makes things 
orbit, I mean besides like the gravity, the force or whatever, 
whatever makes things orbit instead of falling into the 
center”(GF13 Pre) 
Electrons are held by 
centripetal force 
“And so it can go farther away from the nucleus because 
it’s negative and the nucleus is positive. They’re like pulled 
together, but the speed of the electron kind of keeps it away. 
Now it has some more energy, but the same charge, so it 
can be farther. I guess because it’s going faster. Kind of like 
centripetal force” (AF13 Pre) 
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Topic Misconception Student Quote 
C
ov
al
en
t B
on
di
ng
 
Bonding electrons 
remain between 
atoms 
“You have the two nuclei and if you have 2 [hydrogen atoms] 
and they each have one electron, they’re going to share that 
electron with the other H, so both of these electrons will now 
go between both of these atoms” (FF13 Pre) 
Bonding atoms have 
higher energy than 
separate atoms 
“I think the cloud just got bigger so some properties are more 
different. And because the cloud is bigger, I think this is 
bigger and more spread out, I believe it has a lower ionization 
energy because it’s easier to take electrons out of the outer 
shell, something like that. ” (OF13 Post) 
Bonding is caused 
by nuclei attraction 
“The bond? A bond isn’t exactly real.  It’s just something that 
we think about when we talk about them.  It’s just an attract-
tion of their nucleuses that keeps them together” (CF13 Post) 
Bonding is caused 
by recombination of 
nuclei 
“I feel like it would become one. But I don't know if that 
makes sense. Because I can’t imagine two atoms like 
connecting and just like standing next to each other. Because 
it wouldn’t be connected. I would imagine them absorbing 
each other and becoming bigger” (HF13 Pre) 
Bonding electrons 
move around the 
molecule in set paths 
“Okay, so you have the oxygen and there is a hydrogen 
molecule here, and a hydrogen [atom] here. And the electrons 
go around this and this, like that” (FF13 Pre) 
Bonding electrons 
move between 
overlapping clouds 
“So their electron clouds will like overlap. So now the area 
that the electrons have to move around potentially is larger.” 
(JF13 Post) 
Electrons spend 
different amounts of 
time in different 
atoms of a molecule 
 “Well in terms of the net amount of time though, that one 
spends in a bond, it’s still going to spend more time around 
the oxygen than it is around the hydrogen. So there isn’t ever 
going to be more of these over here, just because of like the 
average amount of time it would spend, it’s going to be with 
O more often.” (FF13 Pre) 
Valence electrons 
are attracted to each 
other 
Student: “Because the electrons that are jiggling, it’s 
connected.”  
 
Interviewer: “But I thought electrons repel each other.” 
 
Student: “But not when it’s valence electrons.” (MF13 Post) 
Atoms bond because 
they "want" to fill 
their outer shell 
“Well [carbon] wants to [fill its outer shell] also, everything 
wants to reach idea of being a noble gas. So for example, 
oxygen is two away and [carbon] is four away. So here, 
oxygen gets two extra electrons it wants, and this oxygen gets 
its two extra electrons, and [carbon] gets four.” (JF13 Pre)  
Double bonds 
contain four 
electrons that remain 
between nuclei 
(same as single 
bonds) 
“Well when I think about the difference between double 
bonds and single bonds, just the number of electrons actually 
holding these two together” (JF13 Pre) 
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Topic Misconception Student Quote 
M
ol
ec
ul
ar
 G
eo
m
et
ry
 
CO2 and H2O have 
the same bent 
structure 
Student: “So it’s carbon, bonded to two oxygen [atoms]. Maybe 
it’s an ionic bond, maybe it is an ionic bond. I don't know. I 
don't really remember what an ionic bond is. So maybe it’s by 
two ionic bonds” 
 
Interviewer: “And you drew it in that same v shape?” 
 
Student: “I don't know. I don't know why. I just feel like I 
always see it that way” (CF13 Pre) 
Molecular geometry 
is caused by bond 
Polarity/ 
electronegativity 
“So there’s that bond again, and it’s linear. I think it’s linear 
because its pull is more electronegative, so between this 
[carbon] and [oxygen]” (DF13 Post) 
Molecular geometry 
is due to Coulomb 
forces 
“And then oxygen has two lone pairs, so it has four lone valance 
electrons, which is why it’s bent like this.  It’s because the lone 
pairs push the hydrogen down.  Because the electrons want to be 
as far away from each other as possible.” (CF13 Post) 
Molecular shape 
changes 
“[It’s] never been discussed if lone pairs can move or if they’re 
stuck in place. Because I assume because they’re electrons, that 
they could move. And maybe it could flatten out, but probably 
only temporarily I guess.” (JF13 Post) 
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APPENDIX P: INTERVENTION WORKBOOK OUTLINE 
 
Index of Intervention Workbook Activities by Topic and Visual Representations 
 
No. Topic Title 
Visual Representations 
Provided in 
Activity 
Student 
Produced 
1 Waves Traveling Waves Wave Diagram Graph 
2 Waves Wavenumbers Wave Diagram  N / A 
3 Waves Resonance Analogies (guitar string) Drawing 
4 Spectroscopy Light and Matter Interaction 
Absorption 
Spectrum 
Emission 
Spectrum 
5 Spectroscopy Bond Frequencies 
Graph 
Absorption 
Spectrum 
Lewis Structure 
Graph 
6 Energy Diagrams 
Intro to Energy 
Diagrams  
Analogies, 
Energy Diagram Energy Diagram 
7 Energy Diagrams 
Endothermic and 
Exothermic Reactions Energy Diagram Energy Diagram 
8 Energy Diagrams Vector Addition Energy Diagram Energy Diagram 
9 Energy Diagrams 
First Law of 
Thermodynamics Energy Diagram Energy Diagram 
10 Spectroscopy Light Emission 
Emission Spectra 
Energy Diagram 
Energy Diagram 
11 Waves Frequency and Energy Wave Diagram Graph 
12 Electrons Particle in a Box, deBroglie Wavelength 
Analogies, 
Drawing Analogies 
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No. Topic Title 
Visual Representations 
Provided in 
Activity 
Student 
Produced 
13 Electrons Photoionization Energy Diagram Energy Diagram 
14 Electrons / Waves 
Particle in a Box, 
Standing Waves Wave Diagram Wave Diagram 
15 Electrons Radial Loops Orbital Drawing Orbital Drawing 
16 Electrons Nodal Planes Orbital Drawing Orbital Drawing 
17 Electrons Electron Configuration 
Energy Diagram, 
Orbital Drawing, 
Box Diagram  
Box Diagram 
18 Electrons Electron Density Density Graph, Orbital Drawing Orbital Drawing 
19 Electrons Summary Analogies N / A 
20 Electrons Shielding: Single Atom Density Graph N / A 
21 Electrons Shielding: Comparing Atoms  Energy Diagram Energy Diagram 
22 Electrons / Waves 
Electron Wave 
Interference 
Orbital Drawing, 
Wave Diagram Wave Diagram 
23 AO and MO Bonding and Anti-Bonding Orbitals 
Orbital Drawing, 
Wave Diagram, 
Molecular 
Orbital Drawing 
Wave Diagram, 
Molecular Orbital 
Drawing 
24 AO and MO Non-Bonding Orbitals Orbital Drawings Molecular Orbital Drawing 
25 AO and MO Correlation Diagrams 
Wave Diagram, 
Correlation 
Diagram 
Correlation 
Diagram 	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No. Topic Title 
Visual Representations 
Provided in 
Activity 
Student 
Produced 
26 AO and MO H2 and He2 Correlation Diagram 
Correlation 
Diagram 
27 AO and MO Bond Enthalpy Correlation Diagram 
Correlation 
Diagram 
28 AO and MO Hybridization 
Orbital Drawing, 
Hybrid Orbital 
Drawing, Energy 
Diagram 
Hybrid Orbital 
Drawing, Energy 
Diagram 
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APPENDIX Q: WORKBOOK COMPLETION SCORE EXAMPLES 
 
Score = 0 (Blank) 
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Score = 1 (Less than half complete) 
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Score = 2 (More than half complete) 
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Score = 3 (Complete) 
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